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Abstract
Examination o f the paper insulation and copper stress braiding during stripdown of a 
number o f Current Transformers (FMK type 400kV) has revealed the presence of dark 
deposits. Copper foils are often interspersed within layers o f paper insulation and mineral 
oil found in transformer windings. The dark deposits were often found in association 
with these foils, affecting several layers o f paper m addition to the layer in contact with 
the copper foil. This thesis describes the research undertalcen to identify these deposits 
and establish a mechanism for the transportation through the paper layers.
Preliminary investigation using scanning electron microscopy (SEM) in conjunction with 
energy dispersive X-ray analysis (EDX) has shown these dark deposits to be copper 
based. X-ray photoelectron spectroscopy was used to show that the transport o f the 
copper deposit tlirough the paper insulation was working under the influence o f a 
diffusion controlled process, related to Pick’s law.
Laboratory studies in support o f work designed to eliminate the problem have shown that 
corrosion o f copper occurs in mineral oils containing a trace o f oxygen. This corrosion is 
non protective in character and leads to migration of copper into adjacent layers of paper. 
It has been shown that the transport o f copper through several layers o f paper can be 
measured by XPS and that the concentration from one paper winding to the next declines 
in accord with Pick’s law for non-steady state diffiision.
Measurements o f surface concentrations by XPS correlate well with measurements made 
with atomic absorption spectroscopy on solutions of extracts of the contaminated paper. 
The laboratory measurements have allowed determination of the diffusion coefficients 
and activation energy for the transport process and thus give a basis for interpretation o f 
the diffusion profiles found in the transformer in terms o f time and temperature of 
operation. The diffusion process is temperature dependant. The results have been used to 
produce long term prediction curves.
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Chapter 1 Introduction
CHAPTER 1
INTRODUCTION
1.1 Background
A Current Transformer (CT) is a large ammeter that is integrated into the country’s 
vast electricity network. They are normally found at substations and are used to 
measure the flow of electricity. During the 1960 s through to the early 1980 s the 
electricity requirement was steadily increasing and as a result a large number o f CTs 
were installed throughout the UK and the western world. The majority o f these units 
have now past the end o f their expected hfe, estimated at approximately 25 years. To 
replace such a unit can talce up to 18 months including the building and testing which 
results in an approximate cost o f 2M pounds. The requirement is to find new 
techniques to monitor the condition o f transformers in operation. This would be 
carried out with a view to estimating their remaining life and ultimately to prolong it.
1.2 The Current Transformer
The basic current transformer (figuie 1.1) is composed o f a magnetic core, with a 
pi-imary and secondary winding giving the ‘CT ratio’. The primary winding is 
connected to the high voltage (HV) system and carries the full rated cun*ent o f the 
circuit. It must therefore be insulated firom eaith and the secondary windings. The 
secondary windings are usually at or near earth potential. Hairpin CTs have a primary 
winding in the form of a bar bent into a “U” shape. The secondary windings are
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mounted at the shoulder of each leg of the primary conductor. The whole system is 
mounted in a welded steel tank, which also forms the earthed base of the CT. The 
primary conductor is insulated using oil-impregnated paper. Integral copper braids 
placed between the paper at regular intervals are used to provide a capacitively 
graded voltage distribution under normal conditions. The outermost of these foils is 
connected to earth via an insulated terminal and link. A section through the hairpin 
of the CT can be seen in figure 1.2. The structure of the paper and the interspersed 
foils is clearly visible. A 400 kV CT normally contains 43 copper foils. The top half 
of the CT is covered with a porcelain tube, which is sealed to provide a closed system 
to the atmosphere.
Figure 1.1 Photograph of a current transformer. The outer ceramic covering has been 
removed and can be seen on the left. The remainder is the copper coil covered in the insulating 
paper seated in the support fixture. N.B. the mineral oil has been drained.
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The units are completely oil filled and sealed to prevent moisture ingress. Some units 
have oil reservoirs in the top housing above the HV chamber. This allows for the 
normal expansion and contraction o f the oil and is usually found on 132 and 275 kV 
designs. Higher voltage rated designs are sealed under pressure and are fitted with 
oil expansion tanks (pirelli tanks) which maintain the pressure at about 15Psi. In 
large current transformers, the purpose of the mineral insulating oil is to help cool the 
windings and when combined with the paper produces a higher dielectric strength 
than either component individually.
Figure 1.2 Photograph of a section through the hairpin of a current transformer. A profile of 
the copper concentration across the paper layers was an experimental requirement.
1.3 The Black Deposits
A number o f current transformers CT been known to fail catastrophically. 
Several investigations have been undertaken based on the transformation of the paper 
and mineral oil over time, within the CT normal operating conditions. It is a common 
feature of failed units that the paper insulation is contaminated with patches of black 
deposits. The deposits have been found on the surface of the insulation and close to 
the copper braid, buried within the paper insulation wrappings (figure 1.3). Initial 
investigations of these deposits, will later show that they are copper based. At the 
outset o f the investigation it was not known whether the copper distribution resulted
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from the high voltage flash at the time o f failure or whether it was associated with or 
had been the cause of failure. Black patches that had been found in the past on 
insulation paper had always been considered to be carbonisation derived from the 
degradation o f the paper or oil through thermal activity. It was thought that these 
deposits might have arisen from the transportation of copper compounds through the 
paper and oil followed by deposition. Failures have tended to occur in the ‘hairpin’ 
area of the CT. Black copper deposits have been found mainly in the hairpin and the 
secondary winding areas.
Figure 1.3 Photograph of typical black markings found on the copper toils and paper 
wrappings inside a CT.
1.4 The Transport of Copper
The basis of this study is the copper deposit and hence at the beginning of the work 
there were several questions that required answering. The questions to be asked 
were, what is the composition of the deposit?, do the deposits form before failure?, if 
so, where do the compounds originate from?, what is their mechanism of transport 
and is it through the mineral oil and the paper separately? and finally what is the 
method of deposition?
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Of these questions, the transport mechanism through the paper by which copper 
migrates from the core windings and interlayered foils is o f greatest importance and is 
the principle topic of this thesis. This transport requires an understanding of the 
possible degradation products o f all the principle elements involved and especially 
loiowledge of the chemistry of the paper as well as its structure, both in cross section 
and surface terms.
The transport mechanism, if proved to be by the process of diffusion, should be 
related to Pick’s law. It should be noted that in addition to the complex medium, 
through which diffusion might occur, namely, the paper and oil matrix, there are 
other factors to be considered. The system is lilcely to be influenced by field effects 
existing within the CT. The field effects within the system are numerous including, 
electric field, electrostatic field and magnetic field. The effect o f field is quite 
possibly negligible but is nevertheless an important consideration. Other effects, 
which will be discussed later, may be expected from chemical reactions that occur 
between the paper and the oü.
1.5 Objectives
The objectives o f the project are to establish a mechanism for the transport o f copper 
through the bulk insulation, by studying the mobility o f copper (and other elements) 
in oil and paper and hence to provide a view of the mechanism of failure and an 
indication of the parameters likely to influence the magnitude o f the phenomenon.
The sequence o f steps by which the objectives will be achieved are as follows;
(i) to confirm the presence of copper on the surface o f the paper using surface 
sensitive techniques;
(ii) to gain a knowledge o f the distribution o f the copper on the surface o f the 
paper;
(iii) to confirm the presence o f an oxide layer on the surface o f the copper braid 
i.e. to confirm the source of the copper;
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(iv) to identify the chemical state o f the copper species, the choices being between 
elemental copper, cupric oxide (CuO) and cuprous oxide (CuzO);
(v) to determine the concentration gradient o f the copper species across a profile 
o f the paper wrappings;
(vi) to formulate the mechanism o f diffiision and to model it on the basis o f Pick’s 
law of difihision. i.e. to fit profiles to the model o f difïusion.
(vil) to formulate a method to predict the life span of a CT using data collected in 
the laboratory.
In the next chapter the relevant features o f the CT and the materials associated with
its operation are described.
Chapter 2 The Current Transformer
CHAPTER 2
THE CURRENT TRANSFORMER
2.1 Introduction
Black marks on the smface of insulation paper have in the past been associated with 
overheating and degradation o f the insulating media local to that area. This work 
originally shows that the black marks contain copper in various oxidation states. If 
copper is a major contributor to the deposition of black deposits on the paper then the 
formation of the difiusing species, the transport mechanism and the method o f 
deposition were the information required to explain the phenomenon as outlined in 
chapter I . For these reasons the components o f the current transformer and the way 
that it operates are likely to provide vital information. The insulation inside the CT is 
made up of a combination of paper and oil, forming a matrix. This is the medium 
through which the copper species will be transported and its properties are lilcely to be 
a factor. The transport mechanism is thought to be diSusion and this will be discussed 
in a later chapter. This chapter describes the details of all aspects of the current 
transformer, paying particular attention to the paper and the mineral oil that make up 
the diffusion medium. The general methods that are already in use for monitoring the 
condition o f a CT are considered, as they are a usefiil indication o f the level of 
degradation that the CT had been affected^ Previous physical examinations have 
been carried out on failed and associated CTs. The information acquired is briefly 
discussed, as it was very useful in the development of the understanding of the system.
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2.2 Transformers and Current Transformers
2.2,1 IntrodnetioE to transformers
The current transformer design is, in principal, the same as the more widely used 
voltage transformer. The main difference between the two is that a transformer is 
usually used to change the output voltage from the original input voltage either up or 
down depending on the application. The current transformer however is not intended 
to transform the voltage, but to measuie the cunent flowing in the primary circuit. 
With a conventional transformer, the input terminals are connected to a coil o f wire, 
called the “primary”, which wound around a core o f iron and a second coil, the 
“secondary” is wound around the same core. These elements are designed so that the 
maximum power is transformed flrom the primary to the secondary coil and delivered 
to the secondary terminals.
The transformer coil, to which the input voltage is applied, is designated the primary 
winding. Current flow through it establishes a magnetic fleld that induces voltage in 
the other coil (secondary winding). Because the magnitude o f the induced voltage 
depends on the number of turns on the secondary as compared with the number on the 
primary, the turn ratio is an important characteristic o f the transformer. It is deflned as 
the ratio o f the number o f primary to the number of secondary turns:
tuins ratio = Np/Ns...................................................... (2 .1)
where, Np is the number o f  turns on the primary, Ns is the number of turns on the 
secondary. The turns ratio is very important as it dictates the transfer of power fl om 
the primary to the secondary coils. If  the secondary has more turns than the primary, 
for example a tuins ratio o f 1:3 the transformer would be used to increase voltage. If 
the secondary has fewer turns than the primary the transformer would be used to 
decrease voltage.
The voltage induced in the secondary of a transformer is normally larger or smaller 
than the voltage applied to the primary, thus the transformer is regarded as a voltage-
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changing device. The voltage ratio (primary to secondary) is equal to the turns ratio 
and is given by
EpÆs = Np/Ns......................................................... (2.2)
where, Np and Ns are the number o f turns o f the primary and secondary, Ep and Eg are 
the voltages of the primary and secondary respectively.
Although a transformer can increase voltage, the result is accompanied by a current 
decrease. The current drawn from the secondary winding is determined by the load 
connected to it: the primary current will be greater than the secondary current in the 
same ratio that the secondary voltage is greater than the primary voltage. If, for 
example, the secondary voltage is four times as great as the primary voltage, the 
primary current whl be four times as great asflie secondary current. A transformer that 
has a step-up voltage ratio therefore has a step-down current ratio. The current ratio 
is related to the turns ratio as follows:
IpAs = N/Np.............................................................. (2.3)
where, Np and Ns are the number o f turns of the primary and secondary. Ip and Is are 
the cuirents of the primary and secondary.
In practice, the primary current is slightly greater than the calculated value because it 
draws additional current to make up for core losses. For this reason, the output power 
o f the secondary (Es times Is) is always less than the input power to the primary (Ep 
times Ip). The ratio o f output power to input power is the efficiency of the transformer 
and is generally expressed as a percentage:
% Efficiency = (power out / power in) x 100 = (Eg x k  / Ep x Ip) x 100.................. (2.4)
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2.2.2 Introduction to current transformers
There are a number o f similarities between the current-transformer and the power- 
transformer as both types depend on the same fundamental mechanism of 
electromagnetic induction. It is important to note however, that there are also 
considerable differences in operation which all stem from one prominent feature.
In the voltage-transformer the current flowing in its primary winding is largely the 
‘reflection’ of that flowing in the secondaiy cfrcuit. In the current-transformer, 
however, the primary winding is connected in series with the line whose current is 
being measured or indicated and this primary current is, in the majority of applications, 
in no way controlled or determined by the condition of the secondary circuit. Thus it 
may be said that the dominant factor in the operation of any current-transformer is the 
primary current.
Current-transformers can be subdivided into two main categories from consideration 
depending on their mode of operation. The first category consists o f those used for 
metering and indicating circuits and these may be termed ‘measuring current- 
transformers’. The second category consists of current-transformers used in 
association with protection equipment-trip coils, relays, etc, and these may be termed 
‘protective current-transform ers’. The cuiTent transformers under study are of the 
‘measuring’ type and in simple terms can be considered to be large ammeters.
2.2.3 The essential components of a current transform er
The basic structure o f a current transformer has been described in chapter 1. To 
reiterate, a schematic representation of a cuirent transformer can be seen in figure 2.1. 
In addition to the paper and mineral oil that malce up the insulation, the essential 
components of any current-transformer are.
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(i) the prim aiy wmding which is connected in series with the circuit, the current
of which is to be measured,
(it) the magnetic core, and
(iii) the secondary winding which receives electrical energy from the primary
circuit by electromagnetic induction. The terminals o f which are connected to 
the relay instrument, or other devices.
Figure 2.1 The components of a cuirent transformer, A. Nitrogen; B. Oil; C. Air; D. Terminal
chamber; E. Porcelain Insulator; F. Insulated primary conductor; G. Arcing ring; H. Cores and 
secondary winding; J. Tank.
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2.3 Insulation Paper
2.3.1 Introduction
The paper is a veiy important part o f the investigation. It is the insulation paper and 
the mineral oil, which form the completed product of the insulation within a current 
transformer. Thus the paper is a major part o f the diffiision medium through which the 
copper species would have to migrate.
Paper has been the most commonly used material for electrical insulation for many 
decades. The Kraft process allows manufacture o f low cost electrical grade paper to 
exact specifications. Insulation paper is required to have a high tensile strength, high 
relative permittivity (dielectric constant) and neutral pH [1-3]. The methods of 
manufactui'e and various criteria are described in references [1] and [2]. The chemical 
and physical aspects of paper are described in references [3], [4] and [5].
There are several aspects o f the paper, which whl have an effect on the diffusion 
mechanism. Firstly there is the structure o f the paper through which the copper 
species must travel. The structure o f the paper is determined by the structure of the 
cellulose fi'om which it is made. Cellulose whl degrade resulting in a reduction of 
chain length (degree o f polymerisation). This will result in a higher porosity, which 
may have an effect on the area avahable to the migrating species. If  the species were 
migrating through the gaps in the cehulose the effect would be to increase diffusion, 
but if the species is diffusing across the surface o f the cehulose the effect could be the 
reverse. Linlced to this discussion is the tortuosity, the path that it is required for the 
migrating species to take, to reach its destination.
There aie several important factors regarding the insulation paper involved in the 
investigation. The paper degradation mechanisms and products are probably a 
contributing factor when assessing the composition o f the deposit found on the paper 
itself. The structure o f the paper is very important as this whl affect the rate of 
transportation of the deposit through the paper and the structure of the surface will 
contribute to the mechanism of deposition. Linked with these factors is the porosity of
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the paper which would be expected to increase with ageing due to the reduction in the 
degree of depolymerisation (DP) that would occur with degradation. The literature on 
paper has been investigated with the need to understand these parameters.
2.3.2 The ÏCrafft process -  paper manufacture
The manufacturing processes involved in the production o f electrical insulating papers 
and boards are explained in detail in Fenget, Wegener [6] and Tsoumis [7]. The 
Swedish chemist C. F. Dahl first developed the Kraft process, also laiown as the 
sulphate process in 1884. The method uses wood pulp fi'om hardwood and softwood 
trees and other plant fibres. The mixtuie is mixed with concentrated sodium hydroxide 
and sodium sulphide and placed under a pressure of 7 to 11 Bar at 160 to 180°C for 4 
to 6 hours. Sodium sulphate is later added in the recycling process of the pulping 
chemicals to regenerate the sulphide liquor, hence the name, the sulphate process [3] 
[8].
The chemistry o f the process involves the lignins in the plant material being solubilized 
by the heat and alkali, the majority o f which then leach fiom the pulp. The processed 
wood pulp is usually dried and transported to the paper mill, where it is rehydrated by 
cutting and beating to form slurry. The dissociated fibres are graded for size during 
this processing/ and selected within size limits [9]. Kraft papers made have a high 
tensile strength are long lasting^ and neutral in reaction. The method is excellent as it 
allows the content and purity o f the paper to be controlled.
2.3.3 Sheeting and finishing of the paper
There are several types of finishing methods available but basically the pulp is lifted 
fi'om the tanlcs on a system of mesh sieves and rollers where it is drained and dried. 
The structure of the cellulose fibres is relatively random but is mainly horizontal due to 
the method o f lifting and the rolling process. The randomness o f the process will have
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an affect on the properties o f the paper including tensile strength, the fibre network 
and the orientation of the bonding within the web [8].
Several layers of the paper network are laid on top o f each other to build up the 
required final thickness of the paper. The water is then removed by pad drying and 
air-drying as the matrix passes through a series o f rollers and drums. The paper 
manufacture is completed by compacting the paper by a process called calendering 
(pressing with hot rollers).
It is important to note that during the laying down of the paper layers the paper 
contains up to 90% water. It has been suggested by paper manufacturers that the 
fibres may have an opportunity to sink within the medium at this time. The result is 
that one side of the paper may become slightly more dense in paper fibres compared to 
the other. The result would be a difference in the tortuosity for the migrating species 
and a difference in the porosity across the paper.
2.3.4 The chemistry of electrical grade insulation paper.
The main component of the insulation paper, manufactured fiom wood pulp by the 
Kraft process, is cellulose. Cellulose malces up approximately 90% of the dry weight 
the remainder coming from lignin 6% and hemicellulose 4% [10] [11]. Proteins, 
pectins, waxes, and resins, which may also be present in the raw materials, are 
solubilised and removed by the paper making process [6] [7] $o are not found in the 
finished papers. The paper produced by cotton is often blue, black in appearance and 
as will later be seen, can be described as Elephantide.
2.3.5 Chemistry of cellulose
Cellulose is a homopolymer formed fi’om the base unit o f glucose 
(anhydroglucopyranose) with a molecular weight o f 162 g mol ‘. The glucose units
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are joined together by p-l,4-glycosidic covalent bonds to form a linear condensation 
polymer. The pyranose rings are in the conformation, which means that the 
CH2OH and OH groups as well as the glycosidic bonds are equatorial with respect to 
the plane (figure 2.2) [10].
CH2OH
HO HOHO ‘OHHO HO
,0H
n -2
Figure 2.2 Glucose units joined together by P-l,4-glycosidic bonds to form the linear 
condensation polymer, cellulose
The molecular weight of cellulose is dependent on the source and the treatment. A 
more commonly used term for the molecular weight, certainly in the case of paper, is 
the degree of polymerisation (DP).
2.3.6 The Degree of PolymerisatSon of cellulose
The insulation paper is degraded by hydrolytic, thermolytic and oxidative reactions. 
The important measurement carried out on paper is the average degree of 
polymerisation (DP). This quantity is the average molecular weight divided by the 
molecular weight of the monomer residue. The result is a quantification of the number 
o f monomer units, o f molecular weight 162 g m ol'\ [8]
The degree of polymerisation can be reduced firom an initial value of approximately 
1280 to as low as 200, resulting in a decrease in the strength o f the paper. The paper 
is expected to last the life o f the transfoi*mer (25-40 years), but when the degree o f 
polymerisation is very low the mechanical strength of the paper can be reduced to 20% 
of its initial value. At 20% the paper begins to lose all o f its mechanical strength and
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thus is regarded as the end of life criterion for transformer insulation [10]. It should 
be noted that no electrical characteristics are lost at a DP as low as 300.
2.3.7 Polymer degradation
A polymer is a material made up o f a series of smaller units called monomers that 
repeat themselves along a chain. The molecular size of the polymer (range from a few 
hundred o f the units to several thousand) helps to determine the mechanical properties 
o f the material. The degradation o f natural and synthetic polymers is dependant on 
time and the conditions of ageing on the functional groups within the chain. There are 
two general types o f polymer degradation processes, random scission and 
depolymerisation.
Random scission is where chain rupture occurs at random points along the chain. 
The products are fragments o f the initial polymer.
Depolymerisatioii is successive depropagation of monomer units, this is the reverse 
of chain polymerisation.
Both processes can be initiated by the interaction of radicals in the system. Equally the 
process may be started by thermal processes, UV light and the gases, oxygen and 
ozone [10].
2.3.8 Cellulose degradation
The degradation mechanisnFof cellulose within a current transformer are not fully 
understood but are clearly a combination o f several factors. Heat is clearly a factor, 
although a CT is expected to run at approximately 30®C it is not impossible for the CT 
to reach much higher temperatures. In extreme conditions, 180°C is the considered 
the maximum lilcely value. Another cause could result from the degradation o f the 
paper and the oil producing water and weak acids, which will accelerate the process. 
Another major factor is the oxygen dissolved m the oil, which also attacks the paper 
insulation. Therefore the paper/cellulose within the transformer can degrade via the
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combination of three mechanisms, hydrolytic, thermolytic and oxidative degradation 
[10].
As a transformer ages, the chemical and physical properties o f the cellulose based 
insulation materials in the transformer change^/ and the paper loses its strength and 
becomes brittle. The average molecular weight o f the cellulose chains decrease with 
agey and degradation products are formed, including water, carbon monoxide, carbon 
dioxide and furans. The molecular weight changes in the cellulose have been studied 
by several methods, but the Gas Chromatography (GC) method for détermination of 
the molecular weight has been shown to offer advantages over other methods because 
it yields the total molecular weight distribution. The tensile strength of the cellulose 
insulation in transformers also changes with age as a result o f the changing molecular 
weight of the cellulose [12, 13, 14].
CH
OH
OH OH
H
CHO
1,6 - anhydro-P"glucopyranose 2-fiiraIdehyde
Figure 2.3 Degradation products o f cellulose, 1,6-anhydro-p-glucopyranose and 2-furaldehyde.
2.3.9 Degradation products
Gas Chromatography (GC) and GC-Mass Spectroscopy techniques can be used for the 
identification of degradation products. Previous work [,8] has included testing 
cellulose which has undergone high temperature pyrolysis in excess of 175 °C and over 
50 different compounds have been found, including carbon dioxide, carbon monoxide, 
water, levoglucosan / 1,6-anhydro-p-D-glucopyranose, furfural, other furans, ketones, 
phenols and alcohols. Probably the most significant o f these are levoglucosan and 2-
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furaldehyde, since furfural can be found in transformers and levoglucosan is regarded 
as an intermediate in its formation (figure 2.3)[10].
Furans are the main degradation product of cellulose and significantly can be found 
dissolved in the insulating mineral oil o f transformers. This points to a slow thermal 
degradation during the lifetime of the transformer to form fitrans, which dissolve in the 
insulation oil o f the transformer. The six fiirans formed in significant quantity in an 
operational transformer are 2-. fiiraldehyde, 5-hydroxymethyl-2- fiiraldehyde, 2- 
methyl fiiraldehyde, 2-acetyl fiiran, 2-fiiroic acid and furfuryl alcohol (figure 2.4). 
The concentrations o f these furans in oil can be measured by high pressure liquid 
chromatography (HPLC).
•CHO
2-fiiraldehyde Furfiiryl alcohol
H s C •CHO
5-methyI-2-fiji‘aldehyde 2-acetyifuran
Figure 2.4 Furans formed from the degi adation of cellulose: fui furyl alcohol, 2-fiiraldehyde, 2- 
acetylfiiran and 5-methyl-2-furaldehyde.
2.3.10 The structure of paper
The mechanical strength o f paper is derived fiom intramolecular and intermolecular 
hydrogen bonding which can be found within and between cellulose chahis. The result 
is the foimation of fibres and a micro-crystalline structure. The structure o f paper is
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virtually unpredictable as it depends on several factors including the manufacturer, 
available materials and choice of process. The main variable is the source of the 
materials.
Paper can be described as having a layered structure, that is to say that the fibres lie 
essentially in the plane o f the sheet. Consequently, describing the horizontal structure 
o f the paper numerically, deals with geometry in two planes as opposed to three. If  
the cross section of paper is observed it can be seen that no single fibre is seen to 
traverse the thiclaiess of the sheet fi'om top to bottom although the fibre length can be 
up to 10 or 20 times the thickness of the paper. The surface structure is basically 
linked with roughness or smoothness depending on how it is perceived and hence it is 
very difficult to quantify [15].
2.3.11 The porosity of paper
A pore can be described as a small aperture. The term “porosity” is a quantification o f 
the pores within the structure o f the paper. The importance o f the paper’s porosity 
properties is that they permit material transport into and through the paper so the 
transport phenomenon is in some way related to or controlled by it.
The overall porous structure of paper can be characterised by its firactional void 
volume, e , often termed “porosity”, and calculated from its density o f paper, dp, and 
the density of fibres, df:
e = 1 - dp/df.................................................................(2.5)
Thickness measurements o f insulation grade paper, with a standard thickness gauge, 
usually on a sample area of 1 cm  ^ with an apphed pressure o f 1 kg cm'^, can be 
inaccurate by as much as 50%. This is due to the surface roughness and the 
compressibility of the sample, particularly in the case of bulky papers such as crepe 
insulating paper [15].
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2.4 Electrical Grade Insulating Oil - M ineral Oil
2.4.1 Introduction to insulating oil
Mineral oil has been a main component o f transformers and current transformers alilce 
for over a century. Its main uses are as a coolant and an insulating medium. It has 
continued to be used due to its relatively low cost, good performance and its 
compatibility with other insulation materials, for example the Kraft paper used in 
current transformers. Alternative insulation mediums have been developed including 
silicon oils and certain types o f esters, but they have high manufacturing costs in 
comparison. Hence these are generally only used for specific applications where 
mineral oils will not suffice.
Over the past 100 years the chemical malce up of the mineral oils has changed very 
little, although the quality has changed with the improvement of refining techniques 
and the better understanding o f the requirements o f transformers. The more modern 
mineral oil will allow the transformer to withstand a higher thermal load due to the 
better oxidation stabihty.
One possible reason for the feüure o f current transformers prior to their expected 
lifetime is that the mineral oil was o f poor quality when it was originally manufactured. 
Any problems associated with the poor quality mineral oil would not be noticed for 
approximately 10 years after which time the warranty will have expired. Another 
important reason ft)r wanting good mineral oil is to extend the Hfe o f the insulating 
paper, as when the mineral oils efficiency is reduced there is acceleration of the 
degradation of the cellulose fibres. A review of mineral oiB  used in the electrical 
industry is given by Nynas [16].
2.4.2 The chemistry of mineral oil
Mineral oil consists of organic molecules o f different structures made up of carbon and 
hydrogen and a few other organic based elements such as sulphur and oxygen. The
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chemistry of mineral oil is not fully understood. Although it is possible to identify over 
one thousand individual compounds in any one batch it is impossible to predict the 
composition o f another sample, as it is unlilcely to be the same. The criteria for 
electrical transformers are that the mineral oil must reach certain physical requirements 
so as to be suitable for its application.
Oil, which is required as mi insulant or for heat transfer, is covered by the British 
Standard (BS148). This specifies requiiements for unused oxidation inhibited and 
uninhibited mineral oils. These oils are obtained by distillation and refining of 
petroleum. Oils with and without additives are within the scope of the standard and the 
specifications can be seen in appendix 1 [17] [18].
2.4.3 The basic structure of mineral oil
The basic structure is made up fi'om paraffins, naphthenes and aromatic molecules; 
typical basic structures are shown in figure 2.5. The parafiSnic molecules are either 
straight chain molecules, known as normal alkanes or branched and me basically 
waxes. Thus at low temperatures they tend to be viscous. They have low solubihty 
for water and oxidation products as well as low thermal stability. The naphthenes are 
more recently Icnown as cycloallcanes, with 5, 6 or 7 rings in the structure. They have 
excellent low temperature properties and are better solvents than the non-ringed 
allcanes. The last group is the aromatics which are molecules containing a ring of 6 
carbons joined together with alternate single and double bonds.
The monoaromatics are aUcylated and have good electrical properties and are gas 
absorbents. They are reasonably stable to oxidation. The polyaromatics also exist in 
the oil but can be created by hydrogenation processes. The aromatics have the 
desirable properties o f oxidation inhibition as phenols are produced, which act as 
radical destruction inhibitors.
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Paraffin
N aph thenes
Aromatic
Figure 2.5 The basic structure of the constituents o f mineral oil
2,4.4 The constituents of mineral oil
There are three main ways in which mineral oil constitution can be described.
a) The composition can be expressed as a molecular type analysis according to the 
amount of the various types of molecules present in the oil sample. There are four 
main types of molecule.
Aromatic (AR) 
Olefinic (OL) 
Naphthenic (NA) 
Paraffinic (PA)
if it contains at least one aromatic ring, 
if it contains at least one olefinic bond, 
if it contains at least one naphthene ring, 
if it does not contain any of the above three.
b) The composition can be expressed m average percentage o f structural groups. i.e. 
Aromatic rings, naphthene rings and paraffin chains are typical structural groups.
c) Finally, it can be described as the composition o f an oil sample by the so-called 
elemental or ultimate analysis, which gives the percentages by weight o f the elements 
o f which the sample is composed [17].
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2,4.5 O ther organic elements
There are three other elements, nitrogen, sulphur and oxygen which are present as 
organic components in the mineral oil as part o f various structures. Nitrogen in 
mineral oils exists as quinolines, pyridi nes, carbazoles and pyit^Sies. Although the 
content is small the effects on the properties are large. Nitrogen molecules can be 
charge carriers in an electric field; they can initiate oxidation and can destroy the 
oxidation stability. Some can passivate copper and some act as inhibitors.
Some sulphur molecules can cause corrosion o f copper and can act as peroxide 
destroying inhibitors. Generally the better the inhibitor the more corrosive the 
molecule will be. Mercapto sulphur can exist as an inteimediate oxidation product and 
therefore slightly oxidised mineral oils can be corrosive to copper. The amount of 
oxygen in hydrocarbon molecules is very low. Old mineral oil will have a higher 
content due to the production o f acids, ketones and phenols.
2.4.6 Water contammatiom
Water is the most lilcely contaminant to be found in transformer oils. The problem is 
that it is present in all environments. Water in transformers is obviously undesirable. It 
may enter the transformer by accidental lealcage but in most cases it may be produced 
by chemical interactions; for example the degradation products o f insulation paper 
(cellulose).
Transformer oil if excluded from all contact with oxygen or air is stable for an 
indefinite period at the temperatures found in transformers. However in the presence 
of oxygen, oxidation can occur and those products can oxidise other compounds 
further. One product that is nearly always produced is water. Other products include 
organic acids, often of low molecular weight and partly volatile and sludges, which are 
o f high moleculai" weight and formed by polymerisation or condensation.
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Catalysis plays an important part in the oxidation of oü, thus affecting the rates of 
chemical water formation. It is well established that heavy metals immersed in oil 
appear to act as catalysts in their oxidation.
A lilcely reaction mechanism is described as follows. Trace amounts of the oil are 
oxidised to form organic acids, the rate depending on the availability of the oxygen 
and the temperature, etc. The organic acids may then react with the metal or with its 
readily available oxide to form metal soaps or salts, which when immersed in the oil 
act as very good catalysts for the formation and brealcdown of hydroperoxides. 
Copper is Icnown to be reasonably umeactive, but the oxides, in particular cuprous 
oxide reacts with the foimed organic acids to form catalytic copper salts [19].
There are three ways to remove water from mineral oil although heating is not one of 
them, due to the solubility of water in mineral oil increasing with temperature. The 
first is a simple separation technique, where large volumes can be drained off the 
bottom in a tank. The second method removes water by bubbling air or nitrogen 
through the oil. The speed o f the process is increased at a slightly higher temperature 
as this increases the solubility of the afr and nitrogen in the water. The most common 
technique is degassing and is normally the only suitable method. The oü is heated, 
vacuum treated and then filtered. Particles, along with water, lower breakdown 
voltage and can be removed by filtration.
2.4.7 Chemical contamination
Chemical contaminants are ofl;en highly polar and surface active. Anything from 
engine oüs to detergents will have an influence on the dielectric dissipation factor or 
the interfacial tension. The removal o f these polar contaniinants can be carried out 
using activated clay. Oüs and solvents influence the flash point and the viscosity.
2.4.8 Transformer diagnosis and maintenance
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Mineral oil diagnosis is a key part o f maintaining the current transformer. Analysis of 
the oil gives information about electrical faults, hot spots and paper degradation. 
Early diagnosis can result in quick and relatively cheap maintenance or in extreme 
cases the removal of the transformer from service to prevent failure.
2.4.8.1 Sampling
The sampling is very important so as to give a true representation of the mineral oil to 
be tested. Samples must always be taken from oil in circulation. The sampling 
methods are detailed in lEC 475 standard.
2.4.8.2 Analysis
Typical tests include, AC breakdown voltage, which determines to what level the oil 
can withstand electrical stress. The breakdown voltage is linlced to the concentration 
o f water and particulate matter in the mineral oil.
W ater content in the oil is comparable to the water content m the paper. The higher 
the levels of water in the paper the higher the rate of degradation is lilcely to be. Water 
is a bi-product o f degradation of the mineral oil and the paper, thus the water content 
is a measure of the degradation status of the CT.
The neutralisation value indicates the presence of unwanted acids in the oil. The 
acids are weak acids formed through oxidation processes. These acids react with 
metal ions to form soaps, which lower the electrical properties. The acids increase the 
solubility o f water in the paper due to their polar structwe and exaggerate the 
degradation mechanism of the paper by acting as catalysts.
2.4.8.3 Dissolved gas analysis (DGA)
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Gases in transformer oils can be produced in several ways. The natural ageing o f oil, 
and faults in oil-filled electrical equipment, can give rise to gas formation. Thermal 
and electrical stresses may decompose the oil, and in doing so generate gases. Gases 
may also be formed by the thermal degradation o f cellulose insulation.
Dissolved gas analysis (DGA) was introduced in the middle of the 1960s. Although 
this method is still being developed and requires a high level of interpretation and 
experience, it is still used to determine the physical state o f the current transformer. In 
many cases it is the DGA which determines whether a CT remains in circuit. The 
analytical equipment used by chemists to evaluate these gases are the commonly used 
High Performance Liquid Chromatography (HPLC) and Gas Chromatography (GC) 
often operated in conjunction with a Mass spectrometer (MS) to give a (GC-MS).
The gases, which form inside the CT, are often created by natural processes but often 
when the CT is close to failure the rate of gas production increases. The gases 
analysed for are hydrogen, oxygen, nitrogen, methane, ethane, ethylene, acetylene, 
carbon monoxide and carbon dioxide. When the CT is operating with normal 
conditions the DGA would contain nitrogen and less than 5% oxygen. Higher than 
5% oxygen would suggest that a leak in the seal has occurred. Carbon monoxide and 
carbon dioxide are products of cellulose degradation and hydrogen is produced fi'om 
corona discharge, which causes electrolysis of water. Hydrogen can also be produced 
fi'om corrosion. Breakdown o f the oil through sparking produces methane, ethane, 
and ethylene and high energy arcing will produce other hydrocarbons including 
acetylene [16].
2.4.9 Requirements of oils in service
The function o f mineral oil in current transformers is to insulate and cool the system. 
The requirements for the mineral oil are mainly physical and are outlined in BS148. 
The chemical composition is almost irrelevant in these standards and thus the chemical 
makeup is difficult to acquire and the effects of these changes are difficult to access.
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The general properties can be seen in table 2.1 [16] and the actual requirements are 
outlined appendix 1 [17]
Table 2.1 The properties o f mineral oil that are important to insulation
Physical Chemical Electrical O ther
Viscosity Oxidation stability Breakdown voltage Impulse breakdown
Appearance Oxidation inhibitor Dissipation factor Streaming charging
Density Corrosive sulphur Gassing properties
Pour point Water content Aromatic structure
Interfacial tension Neutralisation No. Polyaromatic
Flash point Solubility properties
The properties o f mineral oils have many different «affects on the insulation medium in 
a current transformer. This section describes a few of those properties,
A) additive. A suitable substance, which is deliberately added to an insulating 
liquid in small proportion in order to improve certain characteristics.
B) anti-oxidant. An additive incorporated in an insulating liquid to reduce or 
delay its degradation by oxidation.
C) pour point. The lowest temperature at which petroleum-based oü, chüled 
under test conditions, wiU flow.
D) pour point depressant. An additive that enables the pour point o f a mineral 
insulating oü to be lowered.
E) uninhibited oil. A mineral insulating oü, containing no anti-oxidant, but which 
may contain other additives.
F) inhibited oil. A mineral insulating oü which contains an anti oxidant [17].
2.5 The Properties of Copper
The actual copper compound which is formed when reacted with either the paper or 
the OÜ WÜ1 have a consequential effect on the diffusion model, in particular the 
diffusion coefficient, D, which is species related. In order to understand the possible
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mechanisms responsible for the anomaly experienced within the electrical transformers 
it is necessary to have some basic loiowledge o f the chemical and physical properties 
of copper [20]. The physical properties o f copper are given in appendix 2.
The electronic configuration for copper consists o f one s electron outside a completed 
d shell. Copper tends to conduct electricity and heat particularly well and is generally 
unreactive. Copper shows oxidation states o f +I and +11 however the only simple ions 
found in solution aie Cu^ .^ The univalent ion Cu^ disproportionates in the presence of 
water and as a result only exists as insoluble compounds or complexes [20].
Copper is only briefly mentioned at this point as it is a part o f the system and is the 
main component o f the dififiising species. Later chapters will discuss copper in more 
detail in terms o f experimental technique, general properties and results.
2.6 Frevtous Forensic Examinations of Current Transformers.
2.6.1 Introduction
It is impoitant to get an idea o f the scale o f the problems that may have been caused 
by copper diffusion in CTs. Examinations o f failed and non failed CTs has talcen place 
over the past few years and this section is devoted to the findings and their 
interpretation. The investigations that have talcen place up until now have yielded 
some vital information to do with the copper transport. Methods of analysis that 
already exist can give vital information to solve the copper diffiision problem. This 
section gives a brief overview o f the work carried out so far, including analysis o f the 
catastrophic failure fi'om Cottam and the subsequent analysis o f the adjacent CT and 
analysis o f other CTs fi'om Sundon. A fiill coverage o f this information is contained 
in confidential NGC reports [21] [22] [23].
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2.6.2 Investigation of a failed 400 kV CT from Cottam substation.
2.6.2.1 Introduction
A catastrophic failure o f a current transformer (type FMK, manufactured by EngHsh 
Electric) at Cottam 400 kV substation, occurred on 7 July 1991. The CT concerned 
(serial number 364927) was commissioned in 1965- 1966. The failure became highly 
important as the National grid had a lot o f CT in operation, which were manufactured 
at that time. The full report can be seen at NGC [21].
The CT was difficult to examine because of extreme damage and localised heating, 
which had burnt the insulation. Experimental tests were carried out on two main areas 
of the current transformer, the oil and paper. The tests included, burst strength, 
degree of polymerisation, oil analysis, dielectric dissipation factor, resistivity and 
sludge content analysis, element content, moisture content, acidity measurements, 
breakdown voltage, PCB analysis, optical analysis, dissolved gas analysis, loss on 
ignition.
The intention o f this section is to give an overview of the analysis types that may have 
some baring on the diffusion process. For example, the DP will be related to the 
structme of the paper, which may have an affect on the diffusion profile. The metal in 
oil analysis is important as this will show that copper is in the oü. The DGA gives 
information on the degree o f breakdown of the oü and the paper.
2 .6.2.2 OÜ element content
The elemental composition o f the oü was measured using ICP-MS (inductively 
coupled plasma -  mass spectrometry). The results showed that there was copper 
present in the oü. Analysis was also carried out on the precipitate found at the bottom 
of the tank. The solid sample was ignited, ashed, fused and acid extracted prior to 
analysis by ICP. The deposit consisted mainly of iron with traces o f aluminium, 
copper, silicon and sulphur.
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2.6.23 Dissolved gas analysis
The gases were extracted from the oil using the Toeplar method. The technique 
extracts the total volume of gas, by compressing it to atmospheric pressure in a pre- 
evacuator vessel. The content is then analysed using gas chromatography. The results 
o f three such analysis can be seen in table 2.2. The table has three CT oil analyses, 
one failed and two that were investigated due to the DGA results.
Table 2.2 DGA results for three CTs. One that had failed and two that were removed from service 
due to the DGA results. All results are given as ppm except where noted.
Determination Serial No 365377 
Failed Sundon
Serial No 364923 
Cottam  Yellow
Serial No 358862 
Sundon stripdown
GEC Fill DATE 20 - July - 65 Unlcnown 15 June 65
Gas content % 2.83 1.93 4.35
Carbon monoxide 219 50 118
Methane 1731 262 947
Carbon dioxide 384 741 721
Ethylene 2754 295 1346
Ethane 830 71 292
Acetylene 345.6 0.5 125.9
Hydrogen 13692 1886 3791
Oxygen 11434 9291 11043
Nitrogen 64848 42491 47510
Moisture % 3 14 13
Appearance Golden
Total PCB 109 21 78
The DGA results for the three CTs confirm that they are all in the late stages of 
chemical brealcdown. The majority of the gases that have been found are Icnown 
degradation products of the oil and the paper. Although the amounts o f gases varies 
considerably from one CT to another a large proportion of the gases follow a 
patterned ratio. For example the carbon monoxide content for the first and the second 
CT respectively is 219 and 118 ppm respectively and the ethylene content is 2754 and 
1346 ppm respectively. The DGA has proved to be a useful tool in predicting the 
state o f chemical breakdown and as will later be shown is hence a good indication of 
copper diffusion.
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2.6.3 Forensic examination of GEC (EE) Type FM K 400 kV Current 
transform er (ex Cottam X130 Yellow phase. Serial NO 364928).
2.6.3.1 Introduction
This CT had not failed but was the adjacent CT that had been put into service at the 
same time. A detailed examination o f the CT was carried out to improve the 
understanding o f the failure. Observations made during strip down and examination of 
the Yellow Phase CT Insulation have been described [22].
Paper samples were then removed from specific points on the CT insulation. Figure
2.6 shows the locations of the sampling points. Photographs were taken and detailed 
observations o f each cut taken were recorded. Various tests were subsequently 
performed on the paper samples in order to assess the condition of the paper 
insulation. Samples of copper grading foil braids fiom several of the sampling points 
were also removed for examination.
2.6.B.2 Observations made during dismantling
The observations can be compared to the cut positions shown in figure 2.6. The main 
observations that were new to the team were the black marks on the surface of the 
paper. Tarnishing of the copper braid was also noted.
Cuts A, B, C, and D showed no black marks present from the outside of the CT 
through to the main conductor. Cut E had black deposits on the paper after the 4th 
copper foil. After the 5th braid the black deposit became considerably darker. The 
outer layer of cut F showed the copper braid to be tarnished (yellow in coloui) that 
could be interpreted as possible oxidation o f copper. The hairpin cut G showed black 
deposits on the first five layers. The deposit darkened in colour through layers 5 to 10 
and was present through 11 to 16. Some black deposits present were seen next to the 
conductor at the base of the hairpin. Cut H was made directly under the secondaries
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on leg P2. Black deposits were found on the braiding on all layers of paper between 
braid layers 5 to 7, Studies o f cuts I ,J, K, M, N and O confirmed there were no 
deposits found.
From the diagram it can be seen that black deposits and signs of overheating were 
found mainly in the hairpin region of the CT and the lower sections o f the CT legs. 
No deposits were noticed on the upper parts of the legs.
2,6.3.3 Degree of polymerisation
Cut E (E 2nd inner) and firom Cut L (braids 5 to 9) were used to determine the DP of 
the paper. The results gave an average DP o f 620, which has been reduced fi'om the 
original value at manufacture o f 1280. The paper had not fallen below the physical 
requirement and therefore could be considered sufficient.
2.6.3.4 Examination of copper grading foil braids
Optical microscopy and scanning electron microscopy were both used to determine the 
extent o f the damage to the copper braids. A sample of new copper braid would be 
expected to be in excellent condition with a lustrous orange colour no black marks 
and no presence of pits, holes or any other corrosion products.
Generally the copper braids were found to be in good condition. Areas where black 
marks had been found often coincided with tarnishing of the copper braid. A couple 
o f exampl&showed that at cut E and G2 there were pits, holes and black deposits found 
on copper braid. Some of the braid at cut H showed extensive tarnishing and 
degradation of the copper braid. Cut I , K, L and M had small amounts of holes and 
pitting.
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Figure 2.6 
examination
Schematic diagram of CT to show the cuts made at the Cottam substation
Elemental analysis was carried out on samples talcen from the CT. The two main areas 
to be analysed were the simple analysis o f the oil talcen from the Pirelli tanlcs on either 
side of the CT and analysis o f the black deposit found on the paper. The two main 
elements present were copper and silicon. The copper has to have originated from the 
copper braids and the silicon is likely to have been in the oil. The results are given in 
table 2,3.
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Table 2.3 Elemental content of oil and black marks on the surface of the paper.
Sample Cu (ppm) Si (ppm)
Left Pirelli tank oil 9 1
Right Pirelli tank oil 8 2
Black material washed fi-om paper 54 14
The results showed that there was copper in the oil and in the black mai'k on the 
surface of the paper. The interesting point is that there is a lot less copper in the oil 
compared to the surface of the paper. It can be confirmed fi*om this that the copper is 
not migrating through the system as a soluble compound in the oil. The migration is in 
some way linlced to the surface of the paper.
2,6.5 Analysis of black deposit
2.6.5.1 Scanning Electron Microscopy and X-ray Analysis
The black deposits found on some areas of the CT insulation were examined using 
energy dispersive X-ray analysis in conjunction with scanning electron microscopy 
(SEM). Copper braid that was found in a good condition and thus had not changed in 
appearance, (that had no black marks) then only copper was detected. The black 
marks that were analysed showed that carbon, oxygen, copper, sulphur, chlorine, 
silicon, calcium and trace amounts of potassium were present.
The black deposits on the paper were also analysed and the results showed copper, 
sulphur, silicon, chlorine and calcium, caibon and oxygen the to be present.
2.6.5.2 X-ray Photoelectron Spectroscopy (XPS)
Analysis of the surface o f the paper w ^  carried out by XPS, which gave an elemental 
analysis and indication o f the chemical state. This technique is described in detail in 
the next chapter.
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Table 2.4 XPS results for sui'fece of the paper as received and after ion etching.
Specimen Surface composition (Atomic % )
C O Cu S Na a
As received 75 20.8 2.6 0.9 0 0.4
Ion etched 86.9 8.2 3.6 0.4 0 0.9
Chemical state information gained from this analysis included that for sulphur and 
copper. The sulphur 2p data from the as received sample had a doublet at 164 and 
169 respectively which point to the possible existence o f the compounds S(0) and 
S0 4 ’^, and the ion etched only showed a singlet at 164 pointing towards S(0). The 
overall conclusion was that there is elemental sulphui* present covered with oxidised 
sulphur of some type. There was no evidence o f the sulphide species. The copper 
was in the monovalent state as either an oxide, possibly a sulphate.
2.6.5.S Discussion
Analysis o f the DP o f paper samples containing black marks showed that there was no 
correlation between the markings and reductions in DP. A sample talcen from cut H, 
containing a high level o f black marks gave DP values that were relatively high, 
ranging from 990 to 1107. This indicated that the deposits were not products of paper 
degradation.
The black deposits that were found upon the surface of the insulation paper interfacing 
to the copper grading fr>ilwefE, found in the surrounding area of the fault. This was 
interpreted as indicating that the deposits were probably the result o f an oil-copper 
interaction occun'ing preferentially at the paper-copper interface.
The copper grading foils were tarnished in areas with pitting and (in some cases) holes 
which were distinct from the damage from mechanical failure. This supported the 
earlier hypothesis o f an interaction between the oil and the copper. Deposits were not 
found in the direct vicinity o f sites o f mechanical damage.
35
Chapter 2 The Current Transformer
A large proportion o f the CTs shown through dissolved gas analysis to have high 
levels o f diagnostic gasses found to have been manufactured (oil filled) between 
specific dates (1965-1966).
A relationship between the presence of black deposits and the locations of damaged 
copper grading foil braids did appear to exist. This correlation wiU, in part, form the 
subject of this thesis. The next chapter describes the methodology to be used in the 
investigation
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CHAPTER 3
ANALYTICAL TECHNIQUES
3.1 Iiatroducltoiî
The requirements of the experimental work were to identify the elements present in the 
black marks found on the surface o f the CT insulation paper, understand their 
distribution and to quantify the deposit. The black maiks found on the surface of 
paper were shown to be copper and as the black marks were seen to pass through 
many layers, a profile was required to be measured. The information was then to be 
used to gain a better understanding o f the formation transport and deposition o f the 
copper compounds. Information was also required on the rate o f the diffusion so as to 
be able to quantify it and therefore produce realistic prediction times for the formation 
o f the deposit. This could then be used to predict the lifetime o f a CT.
With these factors in mind the choices o f analytical equipment were made. The black 
mai'k was found on the surface o f the paper and therefore it seemed suitable to use 
surface sensitive techniques. X-ray photoelectron spectroscopy (XPS) was available 
and as it provides a wide range o f information was the primary technique. SEM was 
also used as it provides images and with EDX elemental mapping and qualification of 
elements. Atomic absorption spectroscopy was used to get a total copper 
concentration across the paper profiles.
The techniques described here are the most commonly used techniques of interest in 
this study. The techniques are described in order of importance to the project, in
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terms of use, the depth of Icnowledge and understanding gained and the volume of 
information collected. The uses of these techniques for the experimental analysis are 
described in more detail in later chapters. This chapter will briefly outline the uses o f 
the techniques and their capabilities useful for this research.
3.2 X-ray Photoelectrom Spectroscopy
3.2.1 Introduction
The fact that the diffusion process appears to talce place through a high number of 
layers gives us the unique opportunity to study the diffusion process layer by layer. A 
perfect technique for this is XPS which is a surface sensitive technique allowing the 
concentration of copper at each individual layer to be measured on each opposing 
surface. It is also important to know the chemistry of the diffusing species and XPS 
allows qualitative analysis as well as chemical state information.
XPS is basically the stimulated emission and energy analysis of low energy electrons 
(20-2000 eV). The majority o f the atoms contained within the elements have specific 
energies that can be used to produce a spectrum that gives extensive information on 
the elements present on a surface. The first 5-20 (2 to 5nm) atomic layers below a 
surface are analysed. Identification o f the elements is obtained from a spectrum and 
due to the specific nature of the technique the spectral lines rarely overlap which 
results in little ambiguity about elemental composition [24].
Both qualitative and quantitative information can be obtained, with minimum damage 
to the sample under study. Chemical bonding or state information is also acquired and 
the software allows the separation of different chemical state quantitatively.
This section covers the basic theory of XPS, the many ways o f spectral interpretation 
and the information that they contain, and the fiindamental principles of the 
spectrometer design and use. A more extensive understanding can be gained from 
references [25, 26, 27].
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3.2,2
In XPS, the sample surface is excited by irradiating the specimen with a source o f low 
energy X-ray photons (energy hv) under ultra high vacuum (UHV) conditions. The X- 
rays cause photoionization o f atoms (figure 3.1) in the sample surface and the 
response of the specimen (photoemission) is the ejection of an electron fi om a core 
level (photoelectrons) with a kinetic energy o f Ek. The energy of the emitted 
photoelectrons is then analysed by the electron spectrometer and the data^-«-presented 
as a graph of intensity (counts per second) versus electron energy [28].
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t-,
K
Figure 3.1 Schematic diagram to show the XPS process, photoionization of an atom by the ejection of 
a Is electron.
The spectrometer measures the kinetic energy (E k ) of the escaping electron, but this is 
dependent on the energy o f the X-ray source and is therefore only a non-characteristic 
measurement. It is the binding energy of the electron (E b ) which is specific to the 
element and the orbital firom where it originated. The binding energy can be defined, 
as the energy required to remove an electron to infinity with zero kinetic energy. 
Simply this means that only electrons bound with less energy than the source will be 
ejected. The relationship can be shown as
EB = h v -(E K -W )........................................... (3.1)
where.
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hv is the photon energy, h = Planck's constant, v = frequency of the excited
radiation 
Ek is the kinetic energy,
W is the spectrometer work function and since it is a constant, the energy scale is
normally calibrated to compensate for this.
If the incident x-ray energy is known and the escaping electron energy is measured, the 
original binding energy o f the electron can be calculated [24]. For example, if using an 
aluminium anode with an X-ray energy of 1486.6 eV and copper is measured at 552.6 
eV then it will have a binding energy of 934 eV. Each atom in a solid surface has 
valence electrons for bonding but also has core electrons not directly involved in the 
bonding. The so-called ‘binding energy’ ( E b )  of each core electron is characteristic of 
the individual atom to which it is bound and these binding energies are tabulated in 
manufactures handbooks. Information on the binding energies of electrons within a 
sample allows qualitative elemental analysis.
Au 3d) «luciron* nav* •  bMing anargy ol 
2206 iv lharafara lhay ara not aiactad by 
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■ Photo electrons 
o Scattered electrons
Figure 3.2 Photo-electron spectrum of gold showing the manner in which electrons escaping 
from the solid can contribute to the discrete peaks or suffer energy loss and contribute to the 
background. The spectrum is superimposed on a schematic of the electronic structures of gold to show 
how each orbital gives rise to photoelectron lines [29].
All electrons, with a binding energy less than the photon energy applied, feature in the 
spectrum and thus reproduce the electronic structure o f the element accurately. This 
can be seen in the spectrum for gold (figure 3.2) superimposed on a representation of
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the electron orbitals. Some of the electrons, which are excited, can escape without 
energy loss and contribute to the characteristic peaks in the spectrum, others undergo 
inelastic scattering and suffer energy loss which is added to the background of the 
spectrum [30].
When a photoelectron is emitted the ionized atom is required to relax, which can be 
achieved in two ways, either by the emission of an X-ray photon, known as X-ray 
fluorescence or the other possibility is the ejection of an electron as an Auger electron. 
Thus Auger electron peaks on the spectrum are produced as a result o f the XPS 
process and are often referred to as X-AES (X-ray induced Auger electron 
spectroscopy).
ejected Lj 3 electron 
tKLjjLj j Auger electron)
L,:
L,
/I
/ / / / / / / / / / /  _ Fermi level
L j j electron tills 
K stiell vacancy
Figure 3.3 Relaxation of the ionized atom by the emission of an Auger electron
An Auger electron is generated by transitions within the electron orbitals of an atom, 
following excitation o f an electron from one of the inner levels. This is shown 
schematically in figure 3.3. An incident primary electron beam of sufficient energy can 
ionize a target atom by ejecting a core electron. The excited atom relaxes by an 
electron from an outer level making a transition to a lower energy state filling the 
vacant hole. The energy resulting from these two states (E k  -  E l i )  becomes available 
as excess kinetic energy from the change in binding energies of the transition electron
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is released by the emission o f an X-ray or an Auger electron. In order to conform to 
the principle of the conversion o f energy, another electron must be ejected from the 
atom. The electron is termed the KL2,3L2,3 Auger electron. Its Idnetic energy is 
approximately equal to the difference between the energy level o f the core hole and the 
energy levels of the two outer electrons (El2,3).
In AES the ejection o f an electron and the consequent formation of a core level hole is 
achieved with an electron beam, but any primary incident beam capable o f core level 
ionisation can give rise to Auger transitions, hence Auger peaks are observed in XPS 
spectra [31].
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Figure 3.4 A schematic representation of a typical spectrometer [30].
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3.2.3 Spectrometer design
The X-ray photoelectron spectrometer (figure 3.4) has been built with several 
important factors taken in to consideration, the first being the requirement of a Ultra 
High Vacuum (UHV) environment which is discussed later. The machinery is required 
to acquire and maintain this vacuum while allowing the introduction of the sample via 
a series of air locks and internally operated manipulation systems. The system also 
requires a known source of X-rays and the ability to prepare samples in-situ. Other 
components include an electron analyser and a detection system. The only other 
requirement is an adequate data system, capable of multifimctional tasks. The 
spectrometer used in the majority o f this work was the VG ESC A Mkll (figure 3.5).
Figure 3.5 photograph of the VG ESCA Mkll X-ray photoelectron spectrometer
3.2.3.1 UHV environment
A UHV environment is an essential requirement for almost every surface analysis 
technique used today and most spectrometers are designed to operate in the region of 
UHV fi*om 10 * to lO '  ^ mbar, although in many circumstances this is not possible due 
to the nature o f the sample. The samples of copper and paper examined in this study 
were often contaminated with mineral oil, which was very volatile and a vacuum of
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10 * sometimes had to be accepted. A detailed overview of vacuum technology can be 
found in Chambers review of "Basic Vacuum Technology" [32].
Many o f the constituent parts o f the spectrometer, such as the X-ray electron and ion 
sources, electron analysers and detectors only operate at their highest ability, under 
high vacuum or ultra-high vacuum conditions. Residual gas molecules can easily 
scatter the em iited low energy electron and result in the decrease in the spectral 
intensity accompanied by an increase in the noise in the background. Another reason 
comes from the surface sensitivity of the technique. At low vacuums it is possible to 
get a monolayer of gas adsorbed onto the surface which would have an affect on the 
true surface composition. At 10'  ^ mbar it is possible for a monolayer of gas to be 
adsorbed onto the surface in 1 second and this makes the need for a UHV environment 
during analysis highly important [30].
To get to the required vacuum the spectrometer design and the materials used are as 
important as the pumps that are used to create the vacuum. The most common 
vacuum pump used in XPS to reach UHV conditions is a diffusion pump charged with 
polyphenylether oil and fitted with a liquid nitrogen cooled cold trap. Prior to using a 
particular system, when it has been open to the atmosphere or after prolonged use 
with highly volatile samples the system has to be baked at 100 to 160 degrees. The 
baiting removes adsorbed layers from the walls o f the chamber. [30].
3.23.2 The X-ray source
The main criteria o f the X-ray source is an accurately measured supply o f loiown 
incident X-ray energy to allow the calculation o f the binding energy. The simplest 
type of X-ray source for XPS is one which utilises characteristic emission lines from an 
anode bombarded by high-energy (15 keV) electrons. The necessary characteristics of 
an X-ray source suitable for XPS are that the X-ray energy should be sufficiently high 
(i.e. 1 keV or more), to excite core-level electrons o f all elements except hydrogen and 
helium. The X-ray spectrum should be relatively smooth, with very few satellites or 
other pealcs (Le. low atomic number anode material). The characteristic X-ray line
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width should be narrow in comparison to the intrinsic core-level line widths and 
chemical shifts o f interest (i.e. < 1 eV), and the material must be suitable (conductivity, 
melting point) for the construction o f an anode.
The simplest source is one emitting the characteristic spectrum of an element. The 
most popular anode materials are aluminium and magnesium; they are available in a 
single X-ray gun with twin anode configuration which provides AlKa and MgK« 
photons of energy 1486.6 eV and 1253.6 eV respectively. The twin mode assembly 
has a separate filament for each anode and changing fi*om one source to the other is 
accomplished by simply switching the power to the appropriate filament [30]. Other 
anodes include YM(!^ , ZrM^, and SftQ with binding energies o f 132.3, 151.4 and 
1739.5 eV respectively.
The use o f the twin anode source is useful as it allows a comparison between Auger 
and photoelectron transitions when the two overlap in one radiation. XPS spectral 
pealcs change to a position 233 eV higher on a Idnetic energy scale on switching fi-om 
MgKa to AlKoc whereas the energy of Auger transitions remains constant (the reverse 
is true on a spectrometer that provides a direct binding energy spectrum) [30].
3.23.3 The sample
The samples to be analysed were insulation paper and copper braids firom current 
transformers. The two samples are inherently different as far as analyses by XPS is 
concerned, one is conducting and the other is not. Ideally the sample would be 
conducting as charging effects can occur on insulating materials. The charging effects, 
although undesirable, tend to be uniform across the binding energy range and therefore 
do not prevent analysis o f the sample. The charging may have the effect o f shifting the 
pealcs by a few eV, but these can be corrected by comparison with known standard 
peak positions. In most cases the carbon peak at 285 eV was used.
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The sample size is often a restriction and the latest models allow samples as large as 10 
cm squared. The VG ESCA Midi is designed to accept samples mounted on a 1 cm 
diameter sample stub. The samples fi-om the CT were easily cut to the required 
dimensions. The only requirement for XPS is that the sample to be studied is stable in 
an UHV environment. This requirement was difficult to meet as all the samples were 
saturated in mineral oil. To overcome these problems the samples were washed in 
acetone and then left in a vacuum dessicator to remove as much oil as possible. Using 
this technique a minimum analysis vacuum of 10 * mbar could be acquired.
There are several methods of mounting, whichcvdoften dictated by the type o f sample 
to be analysed. If  possible the sample should be mounted with electrical contact, but if 
the samples are non-conducting there is little point. The samples in most cases were 
fixed to the stub using double-sided adhesive tape and in extreme oil contamination, 
cyano-acrylate was used [28].
The routine analysis of specimens by XPS is very time consuming and thus the 
spectrometer can be fitted with an automated computer driven carousel or table which 
enables a batch of specimens to be analysed when the machine is left unattended, 
typically overnight [30]. This was very important when trying to produce diffusion 
profiles across the individual layers o f paper. The method required analysing both 
sur&ces of hundreds of layers of paper. The ability to run 10 samples at a time was a 
great asset. The use of the auto carousel is explained in chapter 5.
3.2.3 4 The electron energy analyser
The electron energy analyser’s function is to disperse photoelectrons emitted fi-om the 
specimen, according to their energies, across a detector. The common analyser used 
by XPS due to its good spectral resolution is the concentric hemispherical analyser 
(CHA). The analyser consists o f two concentric spherical surfaces (hemispheres 
usually) which establish a 1/r  ^electric field between them, where r is the distance fi-om 
their centre. The analyzer causes electrons entering the spherical field at a point to be 
refocused at another point on the opposite side o f the entrance, at a radius
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proportional to their energy and is termed “double focifeing”. Thus, this spectrometer 
spatially disperses electrons of different energies [24].
As the photoelectrons leave the hemispherical analyzer, the photoelectrons enter a 
channel electron multiplier (channeltron) detector. The incident photoelectron next 
causes a secondary electron cascade resulting in an output pulse of up to 10* electrons 
with less than 0.1 ps duration. A conventional current amplification and pulse 
counting technique allows a count rate o f 10  ^ s ' per detector. The output results in 
spectrum count rate versus electron energy. The data handling is carried out using a 
computer and the manufacturers software [28].
3.2.4 The depth of analysis
The depth of analysis in XPS is determined by the inelastic mean fi-ee path of the out 
going electrons (X) and is generally quoted as being in the range of 2-5 nm, providing 
a very surface sensitive analysis.
electron signal 
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Figure 3.6 Probability of electron emission as a function of depth. The horizontal dashed line 
represents a depth of one electron inelastic mean free path (X) [29].
The emission of photoelectrons ( I d )  as a function o f depth (d) is predicted by the Beer- 
Lambert equation:
Id = loo exp (-d/X sinG).................................... (3.2)
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where loo is the intensity from an infinitely thick, clean substrate and 0  is the electron 
talce off angle relative to the sample surface. The equation implies an exponential 
decay of electron signal as a function o f depth, as illustrated in figure 3.6, and although 
the XPS analysis depth is talcen as 3X, the analysis is heavily biased towards the 
surface layers [30].
Implicit in the Beer-Lambert equation is the relation between experimental geometry 
and analysis depth and the possibility o f providing different depths of analysis by 
rotating the sample in the spectrometer (i.e. changing 0) becomes apparent. This is 
referred to as angular' resolved XPS and figure 3.7 illustrates the change in emission 
provides an illustration of the way in which angular resolved XPS can be used to 
identify a simple overlayer.
15 d » 0 - 8 X
35* d •  1 7X
(? » 90* d -  3 X
whora X is Iho oloctran inelastic mean (roe path
0
Figure 3.7 Angular resolved XPS (a) sampling depth as a function of electron take off angle (0), (b) 
substrate /  over layer and intensity versus 0 [30].
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The depth of analysis is related to the kinetic energy of the collected photoelectrons 
and therefore varies depending on the incident beam. The Idnetic energy o f the A1 Ka 
radiation (1486 eV) ejected electrons will be higher than that for the Mg radiation 
(1253 eV) and hence is less surface specific.
3.2.5 Interpretation of X-ray pliotoelectron spectra
The technique of XPS through its spectrum and computer software provides many 
different angles of information. The most common information provided by the 
photoelectron peaks is the identification o f the elements present, and the quantification 
o f those elements. Also present are several types of satellite, information fi-om 
multiple spHttmg, chemical state information firom the satellites and the Auger peaks 
that can be used for identification and chemical state information. The main peaks of 
interest in the production of the profiles and the identification o f the copper 
compounds on the surface o f the paper were the photoelectron peaks, the Auger peaks 
and the copper (II) satellite.
A copper spectrum is given in figure 3.8 and has all the features and peaks for copper 
that have been used in the identification. The two main photoemission peaks are the 
Cu 2p3/2 and the Cu 2pl/2 peaks at 934 and 954 eV respectively. There aie also 3 
Auger pealcs whose position on a binding energy scale is determined by their kinetic 
energy which is independent o f the chosen X-ray.
Mg K a
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Figure 3.8 XPS specti’um [33]
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3.2.S.1 Qualitative analysis
The first use o f XPS is the qualification o f the elements on the surface. A survey or 
wide scan spectrum is obtained by applying sufficient energy to excite the core 
electrons firom all o f the elements in the periodic table, a range o f 0-1200 eV on a 
binding energy scale. The photoemission peaks produced on the spectrum are ideal 
for identification of the elements present on the surface. The binding energy is specific 
to the element and hence the spectrum gained fiom the technique is the source of the 
qualification of the element. The peaks are intense, narrow and affected by chemical 
shift. The elements are then identified by comparing the peaks in the spectrum with 
tabulated data in the CRC handbook [34].
In most cases identification o f the elements present using the photoelectron peak is 
fairly easy as veiy few spectral lines overlap and is an advantage of the technique [30]. 
If  the spectral lines have overlapped it is another featuie of the spectrum that can be 
used to identify the elements present, the Auger peaks.
The Auger pealcs are measured in kinetic energy and Auger lines can be easily 
recognised fiom the photoemission lines by changing the X-ray source. The 
instrument in this case has a twin anode arrangement with aluminium and magnesium 
source. The kinetic energies o f all the Auger lines wül remain the same, while the 
kinetic energies of the photoemission lines shift by the difference in energies of the two 
X-ray sources. Thus the Auger peak can be used as an aid in qualification o f the 
elements present and the chemical state o f the element.
In practise the spectrum is produced directly as BE as opposed to kinetic energy. The 
energy difference of the two anodes has been calculated prior to plotting. In this case 
it is the Auger pealcs that are different and the photoelectron binding energies are 
constant.
3.2.5.2 Chemical State Information; the chemical shift
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A very important feature of XPS is its ability to distinguish different chemical bonding 
configurations as well as the identification o f the different elements. It is possible, for 
example, to distinguish copper in its elemental form fiom its oxide CuO or to 
distinguish carbon present as a hydrocarbon fiom carbon bound to oxygen as C-O or 
C=0.
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Figure 3.9 Auger Vs BE, Wagner plot for copper [33].
It is possible to get this information because the binding energies of electrons in an 
atom (even core electrons) are affected by the atom’s chemical environment. The 
difference in the binding energy that results fiom the chemical bonding is termed the 
chemical shift. The amount o f chemical shift is determined by the electronegativity or 
valence o f the atom [24].
The measurement o f chemical shift is often unnecessary for the purpose o f chemical 
state identification. The essence o f the technique means that a positive chemical shift 
on the kinetic scale (Auger) will result in a negative chemical shift on the binding 
energy scale. It is therefore possible to add the Auger parameter to the photoelectron 
pealc binding energy value to give a total that will identify the chemical state on a 
Wagner plot (figure 3.9). In this method the chemical shift is corrected by comparison
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with known pealc positions (e.g. C ls 285eV) and then plotted. Auger peak (ICE) Vs 
the photoelectron pealc (BE). The points that lie on the same diagonal lines will be the 
same chemical state.
3.2.53 X-ray satellites and Shake up satellites
The standard X-ray sources are not monchromatic and therefore in addition to the 
photoelectron and Auger pealcs, lower intensity lines also appear called X-ray satellites 
which aie only present in photoelectron pealcs. More important satellites that are 
useful in the case o f the copper oxide are when transitions occur leaving final states 
above ground level such as the copper ion in CuO. Satellites w ere found on a high 
number of paper samples (figure 3.10) and this confirmed the presence o f copper in 
the divalent state. The satellite does not mean that the sample is totally copper (II) 
oxide but it is confirms its presence. Peak fitting programs are often used to measure 
the relative amounts o f the different species. Although this was possible it w ^  
extremely drfificult for a number o f reasons. The copper pealcs are only separated by 
about 1 eV and there is little difference between copper (0) and copper (I). There 
were no visible clues on the spectrum as to where the peaks actually lay. The charging 
on the paper due to its insulating properties caused large pealc shifts that made 
selection o f pealc positions more difficult [35].
Cu in CuO 
AlKa
2p3/2 = 933.6 eV 
A= 19.9 eV
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Figure 3.10 Copper narrow scan with satellites - CuO [33].
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3.23.4 Background
XPS is known to analyse the first 3 nm of a surface. Escaping electrons are released 
without energy loss (elastically scattered) and produce characteristic pealcs in the 
spectrum related to the element under study. It is the electrons which escape jfrom the 
surface with some energy (inelastic scattering) which cause the background found on 
many spectra [36].
Analysis, in all cases, requires background subtraction and there are several types. 
The most common background subtraction is the Shirley background subtraction, an S 
shaped curve and tends to follow changes in the background shape caused by chemical 
intervention. The other method is to use a linear background, which was the preferred 
method in this thesis [37]. The linear method and the Shiiiey background methods 
were both used at the beginning of the project but as there was no difference in the 
relative quantification the linear method was chosen as it was the easiest and least time 
consuming.
3.2.S.5 Quantitative analysis
Quantification of the elements present on the surface o f a sample is achieved very well 
by XPS and is a very useful tool m most investigations and in particular the 
investigation o f the migration of copper through the insulation of current transformers.
There are two methods o f calculating the quantifications o f elements on a surface. 
The first and more complicated way is based on first principles and the second, which 
is more practical and in most cases is the preferred method, uses the spectrometer 
sensitivity factors. The quantification of an XPS spectrum is reasonably 
straightforward and generally more accurate than an Auger spectrum.
From first principles, in a very simplified form, the intensity (I) o f a photoelectron peak 
fi'om a homogeneous solid is given by:
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I = JpaKX....................................................... (3.4)
where, J is the photon flux, p is the concentration of the atom or ion in the solid, a  is 
the photoionisation cross-section for photoelectron production (dependant on the 
element atomic number and core level and the photon energy used), K a term which 
covers analyser transmission fimction and detector efficiency and X is the electron 
inelastic mean free path. The sensitivity factor (F) incorporates cr, K, and 1, in the 
above equation and adds other features of the photoelectron spectrum including 
characteristic loss features. The quantification usually carried out by the data handling 
system simply calculates the areas under the curves for the existing elements to give I. 
The atomic percentage o f the elements can then be calculated by dividing the pealc 
area by the sensitivity factor and expressing as a fraction o f the summation of all 
normalized intensities:
[A] atomic % = {(W  If)/S(I/F) x  100 %...............................(3.5)
The calculation of surface composition by this method assumes that the specimen is 
homogeneous within the volume sampled by XPS. This is rarely the case but even so, 
the above method provides a valuable means o f comparing similar specimens [30].
3.2.6 The V G  Scientific Sigma Probe Y.PS System
In some cases it was necessary to analyse specific areas of the paper samples. For 
example the black marks on the surface o f the paper discs fr om the cell experiment 
(chapter 7). The VG ESCA Mk II collected information from an area approximately 2 
by 5 mm. The VG Scientific Sigma Probe is specifically designed for analysis of 
selected areas using a microfocused monochromatic A1 K« X-ray source giving the 
spectrometer a spatial resolution o f approximately 15 pm and was therefore used for 
the black maries.
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Good intensity is obtained from this small area by mounting the take off lens very close 
to the sample stage, with a large collecting acceptance cone of ± 30®. The optical 
conditions ensure that, despite the analysis o f small area, sensitivity is improved and 
acquisition time is relatively fast. Advantages o f the Sigma Probe include a zoom 
microscope and a CD TV camera giving detailed viewing o f the sample under study. 
This allows precise positioning of the analysis area for small area XPS.
The control and understanding of sui’face potential is a crucial step in the successfiil 
analysis o f any surface by XPS, particularly those surfaces o f non-conductors. With 
conducting samples, the electrons are conducted through the bulk o f the sample 
resulting in a continuous^ out from the sample and into the collecting system. When 
electrons are emitted from an insulator, they cannot be replaced from the source and 
thus leave a charged surface. A flood gun in the sigma probe places a difluse beam of 
low energy electrons onto the surface to remove unwanted charging. In small area 
analysis, the X-ray beam has to be in the centre of the charge compensating electron 
beam. It is the job of the operator to move the electron compensating beam in the X 
and Y direction along with adjusting the focus to allow optimum to spectral 
acquisition [38].
3.3 Scanning Electron Microscopy
3.3.1 Introduction
The Scanning electron microscope (SEM) is an electron optical instrument. The 
technique generates photographic images of the near surface of a sample at extremely 
high magnifications in the order o f up to 100,000x. With the complimentary 
technique, EDX, qualification and quantification of the elements present on the surface 
is possible. The production o f elemental distribution maps is also a great advantage 
when characterising a surface. A good text which covers the technique adequately is 
given by Goodhew [39].
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Figure 3.11 Photograph of the Hitachi 3200 SEM.
3.3.2 Microscope design
The SEM used for this work was a Hitachi 3200N. The instrument consists of a 
sample introduction and analysis chamber, an optical beam generating column, 
detector system and analysis software. The whole system is operated by the advanced 
Hitachi software system on a computer. A photograph is given in figure 3.11. The 
system uses two screens one for the operation of the SEM and one for data analysis.
Electron-optical column; The SEM column is basically a double condenser 
illuminating system, followed by a third lens which projects the fine illuminating spot 
on to the specimen, over a working distance between a few millimetres and a few 
centimetres. There are no fiirther lenses, only electron or radiation collectors 
(detectors). The essential parts of the SEM column are shown schematically in figure 
3.12.
Electron gun: The purpose o f the electron gun is to create a fine probe or beam spot 
of electrons. This usually consists of a cathode assembly with accelerated voltage, a 
tungsten thermionic filament, the source o f the electron beam and an anode, which is
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earthed. The filament is heated to 2500 °C to create the electrons which are then fired 
through a small aperture down the electron column. It wiU deliver a total electron 
current of up to 250 pA at energies between less than 1 keV and 30 keV (sometimes 
up to 40 or 50 keV) [40].
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Figure 3.12 Simplified cross section of the column of a scanning electron microscope [40].
Electron collection system: The secondary electron (SE) detector common to all 
SEM systems is based on the design of Everhart and Thornley (Everhart & Thomley, 
1960). The detector consists of a metallic mesh in fi'ont o f the scintillator that can be 
biased either + 250 or - 30 eV so that secondary electrons may be attracted or 
excluded in addition to the current o f high-energy backscattered electrons. Once 
collected the electrons are then accelerated into the scintillator by 10 kV potential and 
converted to photons. The Perspex rod guides the light impulses to the cathode of a 
photomultiplier, which reconverts them into an amplified electrical signal.
The BSE detector has been developed fi-om solid state technology. It consists of a 
silicon wafer positioned between the specimen and the final lens. The incident beam 
passes tlirough a hole in the detector before striking the specimen. BSE firom the 
specimen enter the detector producing electron hole pairs, which generate a current 
flow, this current is amplified and used to produce an image on the display system.
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Specimen chamber and stage: The specimen chamber not only holds the specimen 
stage, but also mechanisms for in-situ manipulation. A five-axis specimen stage is 
used allowing movement in the three traditional axis rotations, x, y, z, with the 
addition of specimen rotate and tilt. The detectors for the various emissions (electrons, 
fight, x-radiation) which will form the scanning microscope image in its different 
operating modes are also positioned in this chamber [38].
3.3.3 Specimen requirements
Generally there are few restrictions on specimen thiclcness and size as they are only 
limited by the capacity o f the specimen stage and chamber of the particular microscope 
being used. Features to be studied must be accessible both to the scanning electron 
beam and to the detector in whichever mode the microscope is operating. The size o f 
the samples that were analysed firom the CT did not cause any problems as far as 
sample size was concerned. It was a simple task to cut them to a suitable size. In the 
majority o f cases this was the size of a 20 mm diameter sample stub.
Specimen stability at the operating current and voltage of the SEM is essential and 
sometimes may need to be modified to suit specimens o f a more delicate natuie. The 
specimens fi*om the CT were not particularly unstable, although volatile oil was an 
unwanted contaminant was volatile. The oil caused two problems, firstly interfered 
with the direct analysis o f the surface and secondly the oil had an effect on the 
vacuum. The majority of the oil was removed by washing in acetone prior to analysis.
The essential condition peculiar to the SEM is that the specimen must remain at a 
constant (zero or earth) potential during examination. It is therefore necessary that the 
specimen is conducting along with the mechanism of fixation to the stub.
3.3.4 Specimen preparation
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Regardless of the electrical properties, specimens have to be suitably mounted on stubs 
before examination. Mounting bulk samples is simple, a piece of the material is cut or 
broken-ofif and stuck on the surface o f the stub with a suitable adhesive. The adhesive 
is required to set firmly and not volatise in the high vacuum of the microscope. A 
commonly used material is colloidal silver paste (e.g. silver ‘dag’) which performs the 
dual fimction of bonding the specimen to the stub mechanically and electrically.
The samples analysed in this thesis were mounted using double sided conducting 
carbon tape. For the copper and copper braid samples this method was more than 
adequate to create a conducting sample. When the samples were paper and non­
conducting the method of adhesion was o f little consequence as it would not improve 
the conductivity.
If  the specimen is not electrically conductive it is possible, during specimen 
preparation, to coat the surface with a thin conducting ‘skin’ o f metal or carbon to 
conduct the charge away to the stub. Specimen coating, usually by vacuum 
deposition, is normally carried out on all insulating and semi-insulating materials 
before they are examined in the SEM. A popular and easy technique for applying all- 
over conductive coatings is d.c. sputtering. Gold, chromium and platinum are three 
materials which are often applied by sputtering [41],
Ideally the paper samples which were not conducting should have been coated to 
allow a better image of the surface to be produced. The main requirement was not the 
image o f the paper fibres but the qualification of the elements present and their 
distribution on the surface o f the fibres. The amount o f copper on the surface of the 
paper was very low and therefore the use o f a coating would have resulted in the loss 
o f vital information.
3.3.5 Back scattered mode.
To overcome the problems of the non-conducting paper samples it is possible to 
operate the SEM in backscattered mode. When the secondary electrons are released
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which form the bulk of the SEM photographic image, backscattefo electrons are also 
released as described earlier. The backscattei® electrons can be used to create an 
image when the sample is non-conducting.
3.3.6 Energy Dispersive X-ray analysis (EDX)
EDX is a complimentary technique to SEM, which provides qualitative and 
quantitative information. The technique also gives infoimation on the distribution of 
the elements on the surface in the form of elemental maps.
When the electron beam is run over the surface in the form of a raster, apart from the 
secondary electrons that are released that form the SEM image other types o f emission 
occur. One type of emission results from the release o f the inelastic scattering of the 
SE, X-rays. There are two ways that X-rays can be produced. Characteristic X-rays 
and the continuum X-ray spectrum (Sremsstrahlung).
The ejection of the SE from the K shell, leaves the atom in an ionized or excited state 
with a vacancy in the K shell. De-excitation occurs when an electron from an outer 
shell fills the vacancy. The change in energy is determined by the electronic structure 
o f the atom, which is unique to that element. The characteristic X-rays are related to 
the material from which they were produced. The highest probability is that the 
electron from the next highest orbital will fill the vacancy loiown as the X-ray. If 
the vacancy is filled from two orbitals then the x-ray is the Kp X-ray.
The EDX uses a solid state SiLi semiconducting detector and measures the energy of 
the incident X-ray which creates electron hole pairs in the semiconductor as it enters 
the detector. The number o f electron hole pairs that aie created is proportional to the 
energy entering the spectrometer and hence is proportional to the element that was the 
source.
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EDX provides two types of information. Firstly a histogram of the elements present 
on the surface is produced. Each pealc formed is related to the electron which fell into 
the hole hence there are several pealcs for each element. The pealcs provide the 
qualification and the areas are used to collate the quantification. The second use is for 
the production of elemental maps, which are identical in orientation to the original 
image created by the SEM.
3.4 Atomic Absorption Spectroscopy
3.4.1 Introduction
AAS is a method used to quantify the concentration o f trace metallic elements in a 
sample by passing a solution through a flame and measuring the absorption o f 
radiation in the atomic vapour produced at a wavelength specific to the element of 
choice. The main use o f AAS is the quantitative analysis of trace metals in liquids and 
solids. The theory is outlined in reference [42]
It will be shown that XPS is very usefiil for producing diflusion profiles by measuring 
the concentration o f copper on the surfece of the individual paper layers taken fi-om 
CTs. The technique only gives quantification in atomic % of the surface o f the sample 
and does not give a total related to the bullc. The technique of AAS can solve this 
problem and quantify the copper by mass and therefore give a relationship between the 
copper concentration on the surface of the paper and the actual bullc concentration.
3.4.2 Instrumentation
The main components o f an atomic absorption spectrometer are the radiation source, 
normally a hollow cathode ray lamp (HCL), an^  atomisation cell (flame), a method of 
wavelength selection and a detector system. The radiation source produces the 
characteristic narrow fine o f the required metal. The atomisation cell is where 
excitation of the atom occurs, usually by the introduction of a vapour firom a nebulizer
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into a flame. The wavelength is specific to the metal under study and the detector is 
required to detect the reduction in light intensity.
3.4.3 Prim ary radiation source
Ideally a narrow line source is required that will emit resonance radiation of the 
element under study, although continuous sources have been used. The most 
commonly used sharp line source is the hollow -  cathode lamp (HCL) [43]. The HCL 
is basically an emission source which emits radiation characteristic to that of the 
element under investigation. The copper hollow cathode lamp consists of a copper or 
brass cathode that is operated at currents up to 40 mA.
Mica shields
Anode Ne at 3 torr
Silica window
Graded seal
Glass envelopPlastic base 
Connoting pins insulated supports
Figure 3.13 The Hollow Cathode lamp [43]
Structurally, the source consists of a hollow cylindrical cathode, which is lined with 
the metal of interest (figure 3.13). The anode is a tungsten filament and the system is 
filled with an inert gas, usually argon or neon. To initiate the lamp a potential of about 
500 V is applied across the electrodes producing currents between 2 and 30 mA. The 
flow o f current causes ionisation o f the filler gas (normally argon) at the anode and 
then the positive ions produced are attracted by the cathode and accelerated by the 
field. The impact o f these ions on the cathode inner surface causes a sputtering effect. 
Increasing collisions result in the production of an intense characteristic spectrum of 
the required metal [44].
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3.4.4 Atomisation cell
The atomic absorption spectrometer does not require extensive heat to produce the 
ground state atoms and therefore uses a pre-mixed laminar flame. The most 
commonly used combinations are the air acetylene mixture, for the majority o f cases 
and iti more difficult analysis, such as metals which are contained in refractory 
compounds, a nitrous oxide-acetylene flame is used. The flames are applied via a slot 
burner, 100 mm and 50 mm long respectively. The temperatures at which they burn 
are 2500K and 3150 K respectively. The burner head can be adjusted up and down to 
gain optimum absorbance, as the distribution o f the atoms is not uniform in the flame. 
The non-uniformity o f the distribution o f the atoms in the flame is due to the flame 
being structured with an optimum primary reaction zone.
3.4.5 Sample Introduction
The sample is introduced into the system using a pneumatic nebulizer system. The 
sample is drawn up a concentric stainless steel tube with a Pt/Ir capillary tube fitted at 
the sample end, by the action of the escaping oxidant gas, which as it escapes causes a 
pressure drop, causing the liquid to be broken up into a tiny droplets, loiown as the 
venturi effect. The samples that were introduced were copper that had been dissolved 
in 5% nitric acid.
3.4.6 The Spectrometer
The method only requires the measurement o f light intensity. The incident light enters 
the spectrometer and then travels though a monochromator in the Czerny-Tumer 
optical arrangement (figure 3.14). The arrangement prior to the detector is in some 
cases more important. There are two arrangements that can be used, the single beam 
and the doublek-beam arrangement. In the single beam instrument light from the HCL 
is focused onto the atomic vapour generated by the flame and then passes to the 
monochromator. The double bean instrument splits the light using a chopper. Half the
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light then travels tlirough the flame and the other half does not before the 
monochromator[44].
C zem y-Tum ermonochromator
Hono«-catl«xtelainp ^  Y
] I I
Photomutüplier
tube
Chopper j
HaH Silvered minrer
PC read out
Figure 3.14 Atomic absorption spectrometer: arrangement for a double beam arrangement [44]
3.4.7 Limits of detection
The limits o f detection are typically 0.01 to 0.1 ppm. The sensitivity o f the instrument 
is controlled by several factors. The element that is being analysed is the first effect on 
the sensitivity and thereafter the wavelength that is used will have an effect. Copper 
for instance has over 10 wavelengths that can be used to detect copper. The 
wavelength of the most sensitive absorption line is 3247.5 Â and this will have a 
sensitivity o f 0.1 ppm with an optimum level to be measured of between 2 and 20 
ppm in solution.
3.4.8 The sample
Samples for AAS need to be in solution and need to be within the calibration range. 
The spectrometer is calibrated with a set o f standards of the metal to be analysed^ 
Typically concentrations o f 0.1, 0.5 1,5 and 10 ppm are used but any combination can 
be used. The calibration results in a curved or straight line graph with axis of
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absorbance Vs concentration in ppm. The main point is that any impurities from the 
sample must also be in the standards for the calibration to maintain accuracy.
Liquid samples particularly aqueous samples are very easy to prepare. The samples 
can either be analysed as they arrived or for a more accurate analysis nitric acid can be 
added to the water to help dissolve any solid particles. Sometimes it is necessary to 
analyse solids or the elements present within that solid. In these cases the sample 
preparation becomes much more difficult.
The samples to be analysed in this work are paper containing copper. The samples are 
solid and contain copper. The first part o f the sample preparation is the extraction of 
the copper from the paper and there are several methods by which this can be 
achieved.
Acid digestion is the use o f mineral or oxidising acids with the addition of an external 
heat source to digest the sample to be analysed. The solution is then made up to a 
loiown volume. Copper is readily soluble in 50% nitric acid and therefore can be used 
to extract the copper from the paper. The method clearly does not decompose the 
paper but the copper will be released into solution. With extensive washing with 
mineral oil the method is quite accurate.
Flame: An oxidising, non-luminous flame is satisfactory. Normally air/acetylene is 
used as the flame. Monochromator pass o f 10 Â may be used with the 3247.5 Â line. 
At 3247.5 Â the sensitivity is 0.1 ppm with an optimum level o f 2 to 20 ppm as the 
analysis concentration. There are no known interferences apart from the effect on 
atomiser efficiency. The sensitivity is not increased by using a higher temperature 
flame because copper exists almost entirely in the atomic state when in the acetylene 
air flame.
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CHAPTER 4
SCANNING ELECTRON MICROSCOPY
4.1 Iptroduction
The previous chapters have introduced the current transformer and its components, 
the black marks found on the surface o f the insulation paper associated with failed 
CTs and the methods used to study these deposits. The first requirement was the 
identification o f the deposit and to determine the distribution of the copper on the 
surface o f the paper. Information related to the formation of the deposit and the 
mechanism o f distribution were an important requisite. To acquire this information 
the SEM and the EDX were used in conjunction with XPS (described in chapter 5) to 
allow complementary information. The SEM allows identification o f the deposit and 
with EDX, images and quantitative information can be collected. The EDX is also a 
useful tool for producing elemental maps giving a picture of the distribution of 
copper, oxygen and other elements present across the surface of the sample.
In this chapter the techniques o f SEM and EDX are used to solve the main issues 
presented here. Identification and distribution of the black deposit will be the main 
priority and the mechanism o f formation and transport of the deposit will be 
considered. The distribution o f the copper on the surface of the paper will be shown 
and the formation o f corrosion products such as copper oxides will also be seen 
which later will become the mobile species.
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The samples used in this chapter were taken from failed CTs including paper and 
copper braid taken from 400 kV English electric current transformers. Other samples 
included samples o f copper braid and paper from laboratory experiments and samples 
acquired from other sources such as the copper plates from Zurich that will be 
discussed in detail later.
4.2 SEM parameters
The SEM model was a Hitachi S-3200N with a resolution of 3.5 nm. The SEM was 
operated using backscattered electrons in variable pressure mode (25 Pascal s). The 
use o f the backscattered electrons was essential as the paper insulation in the CT is 
obviously non conducting. The raster was performed between 0 and 50 kV. The 
information acquired for the majority of the samples was a qualification by EDX 
analysis, X-ray elemental mapping and images from the SEM.
The samples were all prepared by the same method. The preparation was very simple 
and only required the samples to be washed in acetone for two hours. The samples 
were then mounted on stubs using double sided adhesive carbon conducting tape.
4.3 Analysis of the Black Line on the Paper from Sample A, (photograph) 
paper msulation from a bushing.
4.3.1 Introduction
Sample A was taken from a bushing which had black marks associated with the 
copper foil. There is a black line along the edge o f the foil which has been transferred 
onto the paper (figure 4.1). The source of the black line is the copper foil as the 
pattern on the paper matches the pattern on the foil. It can clearly be seen that the 
black mark has travelled through several layers o f the paper. This was a preliminary 
analysis to see if it was possible to identify the black mark on the surface o f the 
paper. Two samples were used, one with a distinct black mark on the surface and the
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Other where no black marks were present. The edge of the sample of copper foil from 
sample A can be seen in figure 4.2.
Figure 4.1 a Figure 4.1b
Figure 4.1 Copper braid and paper layers taken from an English electric 400 kV, F.M.F
bushing. Fig 4.1 a shows the black mark originating from the edge of the copper braid. Fig 4.1 b shows 
the transportation of the black mark through the paper insulation.
Figure 4.2 Picture of the edge of a piece o f copper braid with a black mark using a scanning 
electron microscope (200x). Region A is the bare copper braid. Region B is  a copper oxide and/or 
sulphide layer.
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4.3.2 Discussion
The results o f the EDX are seen in the spectra (figure 4.3), the first one had no black 
mark present and the second one had a black line in the centre o f the sample. The 
piece o f paper with no black marks has only oxygen and carbon present on the 
spectrum. These two elements along with hydrogen, (not detected by this technique) 
combine to form the compound cellulose, the main component o f paper. Analysis o f 
the black mark again showed the presence o f carbon and oxygen, but there are also 
trace amounts o f copper and sulphur. This proves that the black marks on the surface 
o f the paper contain copper.
The results o f the SEM and EDX mapping analysis can be seen in figure 4.4, 
reiterating what the EDX spectra have shown. Picture (a) shows the exact image of 
the spot as seen under the microscope. The paper fibres can be clearly seen. Pictures 
(b) and (c) are the elemental maps for carbon and oxygen respectively. The maps are 
very similar to the original image, which would be expected as the paper is 
predoniinantly carbon and oxygen. Maps (d) and (e) are for sulphur and copper 
respectively. These do not show the structure of the paper but are still o f interest. 
The copper and sulphur maps appear to match up. This would indicate that sulphur 
and copper are related in some way perhaps as a copper sulphide compound. The 
lines, on the maps, o f copper and sulphur when compared to that o f the normal image 
appear to run along the papers . Deposition is therefore lilcely to be along
the edges o f the paper fibres. This distribution is far from uniform and is clearly 
random.
4.4 Analysis of Copper Foils from a Bashing and a Current Transformer.
4.4.1 Introdnetioffi
The chemical state of the surface o f the copper braid from the current transformer is 
very important when attempting to predict the nature o f the mobile species that had 
been deposited. Analysis o f the surface o f the copper braid has helped give some of
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Figure 4.3 a) EDX analysis o f insulation from paper from a bushing with no black mark b) 
EDX analysis o f insulation paper sample from a bushing with a black mark in the centre.
SKa.23
Figure 4.4 SEM images and EDX elemental maps all lOOOx of paper fibres from paper with a
black mark from a bushing; a) SEM image; b) Carbon; c) Oxygen d) Sulphur e) Copper
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that information. Samples o f copper foil taken from a bushing (comparable to 
analysis in 4.3) and a current transformer, both with black marks on the surface, were 
analysed by SEM and EDX. Three samples were analysed, one with no black marks 
present and two copper braids that had black marks along the edge.
The main source of copper in the CT is the capacitive-grading copper foils. 
Therefore the copper found on the paper must have originated from these foils. The 
form that the copper talces, on the surface o f the foils, is going to be that which is 
migrating through the insulation paper.
4.4.2 Discussion
The unmarked copper foil as would be expected only had copper on its EDX 
spectrum. The spectra for the two pieces o f copper braid with black marks are seen in 
figures 4.5 and 4.7. The elements present included oxygen, carbon, sulphur, chlorine 
and the original copper. This suggests that the surface o f the copper is an oxide, 
sulphide or a combination o f the two. The main element now present is oxygen with 
trace amounts of carbon and sulphur. The oxygen pealc is half the height of the Cu 
pealc suggesting that the surface, with a black mark is copper oxide.
The SEM image and elemental maps confirm these results and are displayed in 
figures 4.6 and 4.8. Both figuies tell the same story. Firstly it can be seen that there 
is a layer on the surface o f the copper foil. The layer is made up o f copper oxygen 
and trace amounts o f sulphur. In figure 4.6 it is important to note that carbon is at a 
very low level and is almost insignificant. For many years the standard view of the 
engineer has been that any black marks in electrical equipment were due to 
overheating in that area. This is clearly not the case as the carbon map shows the 
carbon to be evenly spaced over the map area and does not increase in the regions 
where the black mark is situated.
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B
Figure 4.5 A) EDX analysis o f copper braid sample from a current transformer with no black 
marks present, B) EDX analysis o f copper braid sample from a current transformer with a black mark 
running along the edge of the copper foil.
S E .255
OKa.lB
Figure 4.6 SEM images and EDX elemental maps all lOOOx of the copper braid with a black
mark from a current transformer (sample G); a) SEM image; b) Carbon; c) Oxygen d) Sulphur e)
Copper.
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Figure 4.7 EDX analysis o f copper braid from a current transformer with a black mark running 
along the edge of the copper foil.
ISE.255
DKa. 43
Siilt '=81
Figure 4.8 SEM images and EDX elemental maps all lOOOx of the copper braid with a black
mark from a current transformer (sample G); a) SEM image; b) Carbon; c) Oxygen d) Sulphur e)
Copper.
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4.5 Analysis of Copper Test Plates from Zurich.
4,5.1 Introduction
A visit was made to a paper manufacturer based in Zurich to gain a better 
understanding of the process. One o f the main tests for the stability o f insulation 
paper is to immerse the paper in the mineral oil at various temperatures. To fiirther 
reproduce the conditions within a current transformer a copper plate is placed inside 
the unit. The paper is then put through a series o f electrical tests. The copper plates 
are normally disposed of at the end of the test. These plates were collected from the 
test area and sampled for analysis. The copper plates had an increasing degree of 
blackening from plate A to E, which was comparable to the increasing temperature at 
which they were tested. Plate A was untarnished and was observed to be bright and 
lustrous in colour having been used in a test at ambient temperature. The other plates 
were black as they had been used in a test at 100°C or possibly higher. All the plates 
were analysed by SEM and EDX. Plates B through to E gave similar results thus 
only samples A and C are reported.
4.5.2 Discussion
The results for the two plates analysed A, untarnished, vibrant copper colour and C 
tarnished black in appearance are given in figures 4.9 to 4.10. The test plates from 
Zurich confirmed the results from the current transformer explained in section 4.3. 
The qualification by EDX for the clean copper plate and the tarnished copper plate 
(figure 4.9) are comparable to the copper braid tested with and without the black 
mark. When the copper is untarnished and lustrous in colour only copper can be seen 
in the spectrum where as when the copper is tarnished black oxygen is present with a 
trace of sulphur. Both the conditions seem to be related to the temperature o f the 
system. It can be seen that at the high temperatures the black marks are more readily 
formed. It is lilcely that oxide layers form more easily at higher temperatures. The 
effect o f temperature on the formation o f the copper oxide and its transport are 
discussed in greater detail later.
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Figure 4.9 A) EDX analysis o f untarnished bright plate taken from the test process in Zurich. 
B) EDX analysis of tarnished black plate taken from the test process in Zurich.
S E ,255
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Figure 4.10 SEM images and EDX elemental maps all lOOOx of copper plate which was
tarnished black (from test process in Zurich); a) SEM image; b) Carbon; c) Oxygen d) Sulphur e)
Copper.
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The SEM image and the EDX map (figure 4.10) show that the majority of the surface 
was copper with the beginning of the growth o f mainly an oxide layer and smaller 
amounts o f a sulphide. The surface blackening is relatively uniform, but the carbon 
map is not, with only one major particle present. This is clearly a contaminant and is 
not contributing to the blackening of the copper. This is an important point as 
previously all blackening was thought by the industry to be carbonisation through 
heating and this confirms that the black colouring on the surface of the copper is not 
carbon.
4,6 The Effect of Tem perature on the Copper Braid when Immersed in 
M ineral Oil.
4.6.1 Introduction
Reproduction of the formation o f the oxide layer in the laboratory was a high 
requisite. An experiment was carried out to test the effects of mineral oil on the 
surface of the copper braid. The only condition tested in this case was the effect of 
temperature. The simulation required the use o f unused copper braid placed into 
mineral oil within a bealcer, giving an open system. One beaker was left at ambient 
temperature and the other was placed in an oven at 100°C. After a period of 30 days 
the samples were removed and analysed by SEM and EDX.
4.6.2 Discussion
The sample that had been placed in the oil at ambient temperature appeared to have 
undergone no change and the oil appearance remained unchanged. However the 
sample which had been exposed to the higher temperature had altered in appearance 
significantly. The oil had darkened from a light yellow to a dark brown and the 
surface o f the copper foil had become tarnished. Analysis by EDX gave the spectra 
(figure 4.11) which confirmed the observations. The foil left at ambient temperature 
had remained unaltered with no oxide growth. The foil, which had experienced the 
higher temperatui'e, had formed an oxide layer over the surface. The elemental map
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Figure 4.11 a) EDX analysis o f copper foil sample from the simulation of copper in oil at 
ambient temperature the foil appeared untarnished, b) EDX analysis o f copper in oil at a temperature 
o f 100°C, the foil appeared tarnished.
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Figure 4.12 SEM images and EDX elemental maps all lOOOx of copper foil from the simulation
of copper in oil at a temperature of 100; a) SEM image; b) Carbon; c) Oxygen d) Sulphur e) Copper.
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(figure 4 .12) o f the surface of the sample which had experienced the higher 
temperature shows the formation of the oxide layer on the surface o f the copper. The 
formation is far from uniform and is growing in clusters.
4.7 Further Analysis of Black M arks on Transform er Paper
4.7.1 Introduction
Further analysis o f several pieces of paper fi om current transformers was carried out. 
All areas analysed had black marks. The microscope was focused onto black spot 
deposits on the surface of the insulation paper.
4.7.2 Discussion
This analysis o f the paper showed the same patchy transfer of copper from the copper 
onto the paper. Analysis o f paper samples with black marks was carried out in 
greater detail. The fir st sample seen (figures 4.13 and 4.14) is of a copper spot foimd 
on the surface o f the paper. The spot appears to be a copper oxide or sulphide layer 
actually on the paper. The elemental maps for copper confirm this. The qualification 
by EDX shows that again oxygen, carbon and sulphur are present. A second sample 
with a copper spot shows the distribution o f the copper across the paper (figures 4.15 
and 4.16). The magnification is not as high here and so the spread of the copper can 
be seen more easily.
4.8 Discussion
It was firstly confirmed that new and unused paper had only the elements o f carbon 
and oxygen present associated with the paper in the form o f cellulose. If  the black 
marks on the surface of the paper were to be marks due to overheating or a 
degradation mechanism then the black marks would also contain only carbon and 
oxygen. Analysis o f the black deposit gave a different result. The black deposit was
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Figure 4.13 EDX analysis o f insulation paper sample from a CT with a black mark in the centre. 
The analysis is of a copper spot found on the surface of the paper.
lOCa. 49
Figure 4.14 SEM images and EDX elemental maps all lOOOx of paper fibres from paper with a 
black mark from a current transformer, the area is contaminated with a large copper spot; a) SEM 
image; b) Carbon; c) Oxygen d) Sulphur e) Copper
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Figure 4.15 EDX analysis o f insulation paper sample from a CT with a black mark in the centre. 
The analysis is of a copper spot found on the surface of the paper.
Figure 4.16 SEM images and EDX elemental maps all lOOOx of paper fibres from paper with a 
black mark from a current transformer, the area is contaminated with a copper spot; a) SEM image; b) 
Carbon; c) Oxygen d) Sulphur e) Copper.
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confirmed to contain oxygen and cai-bon as before, but also copper and trace amounts 
of sulphur, chlorine and silicon.
The presence o f copper was o f most interest and there could be no doubt as to its 
source. The CT is filled with copper braids that are used as capacitance grading. The 
amount o f copper found on the surface of the paper was at its highest when adjacent 
to the copper foil. The souice can be confirmed due^he matching patterns which 
could be found on the conesponding surfaces o f the copper and the paper. The 
pattern o f the tarnishing o f the copper was the pattern seen on the paper. Oxygen was 
found in abundance and as will be confirmed by XPS in chapter 5 the copper is in the 
form of copper oxide.
The other interesting elements present were the sulphur and the silicon. The silicon is 
obviously a trace constituent o f the mineral oil as is the sulphur. The sulphur was 
found to be related in some way to the copper, possibly as a CuS. The amount of 
copper sulphide in ratio to the amount of copper oxide is negligible. This again will 
be confirmed by XPS in chapter 5, where it will be seen that CuS is not confirmed by 
XPS although sulphur can be seen in trace amounts.
The second important piece o f information was that where black marks are present on 
the surface of the paper a higher level o f copper will be found there. Also the copper 
has been found to lie along the edge o f fibres of the paper indicating that the difiusion 
is across the surface o f the paper fibres and not thiough the oil medium. The 
distribution of the copper is fai* from uniform.
The copper could be confirmed to be linlced in some way to oxygen and sulphur as 
seen in the elemental maps o f areas o f paper with black deposits. It will later be 
shown, by XPS (chapter 5), that the copper is in the form of Cu (I) and copper (II) 
oxide. The copper is also linlced with the sulphui* as seen in the elemental maps but 
this is not so clearly confii'med by )CPS. The copper is themfore m the form o f 
copper oxides and sulphides or the combination o f both.
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The oxide layers can be seen on the edge o f the copper foil and can confirm that a 
corrosion process is in occurrence, the surface has cracked and the oxide layer is 
removed as either a mobile species or as a sludge deposit.
The formation of the black marks and thus copper oxides found in the CT on the 
copper foil and the paper can be reproduced in laboratory chemical tests. The 
placement o f copper foil in the oil at lOO^C gave the expected result that the surface 
of the copper braid became tarnished black and the previously seen clean copper 
surface had now become a copper oxide.
The test plates analysed from the Zurich based paper-testing regime confirmed the 
data collected in the laboratoiy. The black marks were again produced at the high 
temperature range of the scale. The black marks were shown to contain next to no 
carbon at all supporting the theory that the blackening found inside the CT was 
copper compounds as opposed to overheating and burning o f the insulation material.
The next chapter demonstrates the use of XPS to confirm the important factors 
discovered by the use of SEM. In addition the XPS is used to construct profiles of 
copper concentration on the individual layers of the paper insulation.
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CHAPTER 5
THE CONSTRUCTION OF COPPER
DIFFUSION PROFILES BY XPS
5.1 Introduction
The technique o f XPS was the most commonly used analytical instrument in this 
investigation. The previous chapter showed the use of SEM in the identification and 
distribution of copper on the surface o f the paper and on the copper foils. SEM 
allowed elemental maps to be produced and confirmed that an oxide layer was on the 
surface o f the copper braid. The requirement was to be able to confirm the presence 
o f these elements using XPS. The first part o f this chapter describes the use o f XPS to 
determine the elemental composition o f the surface and the chemical state o f the 
elements present on the surface. The experimental analysis is described in detail and 
the interpretation o f the results discussed using spectra and graphs.
The second part of the chapter includes the quantification o f the elements, primarily 
copper on the smTace of the individual paper layers. The amount of copper on the 
surface is shown in the form o f diffusion profiles through the many layers o f paper 
insulation found within the current transformer. The method is a unique way o f depth 
profiling. The CT insulation is constructed using hundreds of layers of paper which 
can be separated to give individual layers at different depths fi'om the integrated 
copper foils. This chapter describes these results and gives an interpretation in relation 
to the original problem.
The distribution of copper was found to follow Field laws of diffusion.
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5.2 Diffwsion
5.2.1 ïntrodîictioii
Diffusion is the process by which matter (atoms, molecules and ions) is transported 
from one part of a system to another as a result o f thermal agitation, causing random 
molecular motion. When there is a concentration gradient a net flux is produced.
The process is by random molecular motion. Each molecule is moving independently 
from another molecule and is constantly colliding with other molecules. The collisions 
will cause the molecules to bounce ofi^  each other in random directions some will move 
up and some will move down. In fact molecules will be moving in random dfrections. 
Due to the random motions, in any given time certain molecules will move from the 
high concentration to the low concentration area and vice versa resulting in a net 
transfer [45].
The diffusion medium, which exists within the current transformer, is made up o f the 
paper matrix and the mineral oil. Diffusion through the mineral oil can easily be 
compared to that of diffusion in a liquid. Diflusion through the paper can be 
compared to that o f surface diffusion. The paper is made up of cellulose fibres, which 
result in a porous structure. Copper atoms, ions or compounds can diffuse across 
these paper fibres.
5.2.2 The mathematical theory of diffusion
5.2.2.1 Pick’s first law
The mathematical theory o f dififtision in isotropic substances is based on the hypothesis 
that the rate of transfer o f dififusing substances through a unit area of a section is 
proportional to the concentration gradient measured in a direction normal to the 
section, i.e.
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F = - DA 3C/ÔX....................................... (5.1)
Where,
F is the rate o f transfer,
A is the full geometric cross sectional area,
C is the concentration of the diffusing substance,
X is the space co-ordinate measured normal to the section and 
D is called the diffusion coefficient.
The equation can be modified to fit the specific example o f the migration o f copper 
ions through the paper and the oil o f a current transformer.
Thus
F = - DA* dCldL......................................... (5.2)
Where
F is the time to breakdown,
D is species related i.e. a specific diffusion coefficient for each compound,
L is the path length equal to x 3  (where 3  is the tortuosity),
C is the concentration of the species,
A* is the cross sectional area available for diffusion in a paper matrix.
In simple terms regarding the current trmisformer,
F is the flux, determines the time to failure i.e. the time required to build up a layer of 
copper deposit lai'ge enough to cause failure,
D the diffiision coefficient o f the dififiising species,
L is the path length the diffusing species must talce to reach its destination, i.e. it may 
be required to traverse through the paper (the structur e o f the paper will dictate the 
path of the migrating species),
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C is the concentration of the unknown copper species in solution,
A* is the cross sectional area o f the paper available for diffusion (A* = A x porosity (% 
open area)).
5.2.2.2 Pick’s second law
The second law combines the first with a continuity equation and the assumption that 
D is constant and states that the rate o f change of concentration with time t, is 
proportional to the change in concentration gradient with distance in one dimension.
IThe fundamental differential equation is derived fiom Picks first law to give
ac/a = D a^ c/ax^ ............................. (5.3)
If  there is a gradient o f concentration only along the x-axis, the diffiision is one 
dimensional.
5.3 X-ray Photoelectron Spectroscopy
XPS spectra o f copper, oxygen and carbon fi'om the paper layers were obtained using 
a VG Scientific ESCALAB Me II spectrometer. A1 Ka radiation (1486.6 eV) was 
employed and operated at 34 mA and 10 kV. The base vacuum during acquisition was 
always better than 10 ® mbar. The analyser was operated at a constant pass energy of 
100 eV for the survey scans and 50 eV for the individual elemental spectra. A take off 
angle o f 45 degrees was used for the majority o f the experiments except where stated. 
A VGS 5000 data system based on a DEC PDF 11/73 computer was used to control 
the spectrometer for the acquisition o f spectra and the data processing. Quantification 
was achieved by comparing the areas under the peaks with the use of Wagner 
sensitivity factors and the manufactures software. None of the BE values reported in 
the XPS figures and tables have been corrected for sur&ce charging, but this was 
never so large that identification of the copper species was a problem.
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5.4 Samples
The experimental work began with the elemental analysis by XPS o f the surfaces of 
the individual layers o f paper fi:om selected profiles. The purpose o f this method of 
analysis was to determine the concentration o f copper on the surface of the individual 
paper layers and to ultimately construct a diffusion, concentration gradient across the 
profile.
Table 5.1 Samples used to construct diffusion profiles by quantification using XPS.
Sample Type Position in CT
A F.M.F Bushing Foil 43
B F.M.F Bushing Foil 43
C F.M.K Current Transformer Foil 43 Cottam
D F.M.K Current Transformer Foil 12 to 16, Cottam yellow 
phase leg P2
E F.M.K Current Transformer Foil 4 to 7
F F.M.K Current Transformer Foil 8 to 13
The samples used were selected due to availability and if possible when the 
contamination from the mineral oÜ was seen to be at a minimum (table 5.1). All the 
samples used were taken from English |lectric 400 kV current transformers or 
bushings. The samples were supplied by NGC and in the main were samples from 
Current Transformers which had failed or were in series with those which had failed 
i.e. red, yellow, blue phase. In some cases the samples were taken from CTs which 
had been taken out o f operation because they had a serial number, at time of 
manufacture, adjacent to a failed unit. As described in chapter 2, the paper layers 
were interleaved with copper foils. They are numbered in sequence from the centre to 
the outer layers, the foil numbers are included. The paper layers taken as samples 
were recorded by foil number for information.
Sample A (frguie 5.1) shows the black marks on the surface of the paper. The paper 
was cut back to show that the black mark had been transferred through the paper. 
The photograph also confirms where the copper had originated. In figure 5.1a the 
copper foil is badly tarnished and has a black mark along one side. The black mark has
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clearly been transferred to the surface of the paper. It can be seen in figure 5.1b that 
the black mark has been transported through the paper layers.
Figure 5.1a Figure 5.1b
Figure 5.1 Copper braid and paper layers taken from an English Êectric 400 kV, F.M.F 
bushing. Fig 5.1a shows the black mark originating from the edge of the copper braid. Fig 5.1b 
shows the transportation of the black mark through the paper insulation.
Samples o f the contaminated paper were taken fi'om sections of bushings and current 
transformers. The paper layers were carefully separated by hand, layer by layer. Each 
sample was mounted on a stub using either double sided adhesive tape or in cases 
where the oil content of the paper prevented adhesion to the tape, cyano-acrylate was 
used.
These were then placed in a vacuum chamber and stored at 10'  ^ torr for a minimum of 
48 hours, to evaporate as much oil contaminant as possible. Prior to analysis the 
samples were then degassed further in the preparation chamber inside the X-ray 
photoelectron spectrometer for between four and sixteen hours, until a minimum 
pressure of 10 ® mbar had been reached which was suitable for acquisition of the 
spectrum.
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5.5 The Assessment of the Required Take Off Angle for Analysis
Prior to analysis it was necessary to test the best take off angle (TOA) to determine at 
which depth the analysis would be carried out. A low talce off angle with respect to 
the plane would give a surface specific analysis whereas a higher take off angle would 
give an analysis at a greater depth. The sample used was a piece of paper fi'om sample 
A an English #ectric 400 kV F.M.F Bushing (figure 5.1), known to be contaminated 
with copper, due to the presence o f a black mark. The sample was analysed for Cu, C 
and O at the following take off angles 15°, 20°, 30°, 45°, 75° with respect to the 
surface.
From the results (table 5.2) it can be seen that the higher concentration o f copper was 
foxmd using a TOA of 75 degrees which was less surface specific, however little 
difference was seen down to and including TOA o f 20 degrees. The concentration of 
the copper species on either side o f the individual paper layers was the analytical 
requirement, thus it was therefore acceptable to use the TOA o f 75 degrees and in 
some cases 45 degrees as the starting point for the research. In later work the use of 
an automatic carousel forced the analysis to be carried out using a TOA of 75 degrees 
due to the fixed angle o f the auto carousel.
Table 5.2 
to the paper.
% Copper found on the sui'face of the paper at different take off angles with respect
TOA / degrees %  Copper
15 0.76
20 1.16
30 1.26
45 1.14
75 1.22
The XPS spectra taken at TO As o f 15 and 75 were slightly different. The spectra 
measured at 15 degrees showed a satellite and therefore Cu (II) ions and the spectrum 
at 75 degrees did not have a satellite and was therefore Cu (I) ions. From these 
observations it can be assumed that the outer most surface o f the copper is more
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highly oxidised.
5.6 Qualification of Black Deposit
5.6,1 Samples and experimental
The samples consisted of paper layers taken from various bushings and current 
transformers with visible heavy black deposits. In addition unused insulation paper 
and unused copper foil were also analysed to give good comparison. The samples 
were analysed for the following elements Cu, O, C, Si, S, P and N. The elements 
chosen for qualification were based on two criteria. The first was simply due to the 
results of a preliminary survey scan that showed that carbon and oxygen and copper 
were present on the surface of the paper where black marks were present. The second 
is based on Imowledge of the system. There are three main parts, the paper containing 
carbon and oxygen and the copper from the foils have already been explained by the 
survey. It is the mineral oil that may contain low levels of other elements. Mineral oil 
is made up of many organic constituents, the main elemental contribution apart from 
carbon and oxygen is lilcely to come from nitrogen, sulphur, phosphorus, silicon and 
hydrogen the latter undetectable by XPS. The results are displayed in figures 5.2 to 
5.13.
5.6.2 Discussion
XPS spectra are excellent for the identification o f elements present on the surface. 
The reasons for this are described in detail in chapter 3. The surface
specificity is ideal for a situation in which copper ions are thought to be
distributed across the surface of the fibres.
A typical survey scan for unused paper (figure 5.2) has only two peaks on the 
spectrum of carbon and oxygen with apparent binding energies of 299 and 543 eV 
respectively. The peaks would have been expected at 285 and 534 eV respectively but
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due to the charging o f the non-conducting sample they have been shifted. The carbon 
pealc area at 285 eV is used as an international standard to correct for charging where 
necessary. The peaks are specified as the number o f counts made by the spectrometer 
are a measure o f the intensities o f the individual elements. XPS does not measure the 
amount of hydrogen on the surface and therefore as paper is made up of cellulose, 
only carbon and oxygen are shown on the specti-um.
The survey and narrow scans for unused copper foil (figures 5.3 and 5.4) have two 
pealcs for copper Cu 2p3/2 and Cu 2pm at 934 and 954 BE respectively, the first being 
the main pealc. Another feature of the survey scan is the copper Auger transition at 
570 eV corresponding to a kinetic energy of 916 eV. The Auger peak is expanded 
(figure 5.5) and can be very useful for the purpose o f identification of chemical state.
A typical survey scan of a piece of paper taken fi'om a bushing with a ‘black mark’ is 
shown in figure 5.6. The predominant pealcs are the carbon Is peak at 285 eV and the 
oxygen Is peak at 534 eV. The copper pealcs can be seen to be very small which can 
be attributed to the low concentrations within the paper matrix, although the pealcs are 
visible and the Cu 2pa/2 and Cu 2pi/2 can be seen at 934 and 954 eV respectively. 
Spectra such as this were taken fi'om several samples with a view to obtaining more 
information on the black marks.
The narrow scans for the elements present include copper, the copper Auger, oxygen 
and carbon (figmes 5.7 to 5.10). Two individual copper scans, one taken from a 
sample with a black mark and the other fi'om one without can be seen in figures 5.7 
and 5.11 respectively. Both spectra exhibit the Cu 2p3/2 and the Cu 2pi/2 peaks, but 
an obvious difference is the presence o f the satellites in figure 5.7. The presence of a 
copper satellite gives the information that copper is present as Cu^  ^ ions whereas the 
omission of the satellite points to Cu^ ions. From this it can be assumed that the 
copper exists in several states depending on the degree o f oxidation within the 
environment.
The spectrum of the copper Auger peak can be used to determine the chemical state of 
the copper, Cu(I), Cu(II) or Cu(0) as described in chapter 3. When a satellite is
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present the copper can be confirmed as in the Cu(II) state. When there is no satellite 
the Auger pealc can help to identify the chemical state o f the copper.
A useful method to identify the different chemical states that exist is to plot the Auger 
parameter (KE) against the photoelectron peak (BE) to produce a Wagner plot 
(chapter 3). A Wagner plot, taken fi'om the literature has all the well known 
compounds aheady present and by simply plotting the sample data on to the chart will 
give an indication of the chemical state of the species. The diagonal lines seen in the 
diagram are lines o f constant Auger parameter and any plotted data that falls parallel 
to these can be confirmed to have a similar chemical state.
In using this method it is not necessary to correct for charging since this merely moves 
the data along a diagonal. The samples used here aie paper (non-conducting) with 
copper on the surface. This results in copper spectra o f the BE and the Auger 
transition being shifted by up to 20 eV as are the caibon and oxygen peaks. Because 
o f this it was decided to standardise against C 285 eV before plotting. This has been 
shown to give additional benefits in determination o f chemical state.
Another useful method for element identification is to analyse the sample using two 
different sources. The survey scans for the A1 source and Mg source (figures 5.12 and 
5.13) show that the photoelectron peaks have not moved but the Auger peaks have 
moved on a binding energy scale. This would be expected as the Auger pealcs are 
related to the kinetic energy and therefore the source.
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Figure 5.2 Sur vey scan o f unused piece o f insulation paper
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Figure 5.3 Survey scan of unused piece of copper foil
Copper narrow scan for copper foil
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Figure 5.4 Narrow scan of unused piece of copper foil
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F igure 5.5 Cu Auger peak for copper foil
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Figure 5.6 Typical sm-vey scan of the surface of a piece of paper with a black mark analysed 
from a CT.
XPS spectrum for copper / Sample A with black mark.
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Figure 5.7 Typical copper scan of the surface of a piece of paper with a black mark.
94
Chapter 5 The Construction of Copper Diffusion Profiles by XPS
Cu Auger sample A
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Figure 5.8 Copper Auger for black mark on paper, sample A.
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Figure 5.9 Oxygen narrow scan for black mark on paper, sample A.
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Figure 5.10 Carbon narrow scan for black mark on paper, sample A.
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Paper with no visible black mark - XPS narrow scan for copper
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Figure 5.11 Copper XPS spectrum for paper with no black marks present
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F igure 5.12 Survey scan using an aluminium soui ce
Survey scan for paper with black mark using Mg as the source
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Figure 5.13 Survey scan using Mg anode source.
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5.7 CoHstractiom of Copper Concentration Profiles
Sections of bushings and CTs were talcen and the surfaces of the individual paper 
layers were analysed, to measure the concentration o f copper on the surface. The 
results provided concentration profiles. This is a unique method o f depth 
profiling as it allows the analysis o f lots o f individual layers. The samples, preparation 
and experimental methods have been described in detail in section 5.2. The results are 
given as graphical representations of the profiles measured and can be found at the end 
of the experimental details in section 5.15 to allow comparison of results. The original 
dataeucreferred to and is tabulated in Appendix 3.
5.8 Analysis of Sample A
Construction of a Cu concentration profile across foil 43 was carried out, first, for an 
English Mectric 400 kV F.M.F Bushing, consisting of 11 layers of paper on one side 
and 8 the other (table 5.1 sample A). The bushing samples were o f added benefit as 
the paper layers had a visible black line on them that decreased in intensity with 
distance firom the copper foil. Photographs of a section of the material can be seen in 
figure 5.1. From these observations it was expected that if the black mark was a 
copper compound then the percentage copper would decrease as the analysis moved 
away fi'om the copper foil.
The surfaces of the paper wrappings were analysed for Cu, C and O to allow a 
compar ative quantification o f the copper concentration. The analysis was carried out 
on both surfaces o f the paper termed the top surface and the bottom surface for 
convenience. The top surface o f each o f each layer was analysed as stacked fi'om 
paper layer 1 to 19, with a copper foil present between layers 11 and 12. The analysis 
was then repeated on the bottom surface o f each paper layer i.e. as stacked from layers 
19 to 1. The experimental set up can be seen iti figure 5.14. The TOA was 45 
degrees to the plane o f the paper sample.
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Layer 1
Copper Braid
Top sm fece -------- >
1
4------ Bottom surface
Layer 11 Layer 12 Layer 19
Figure 5.14 Experimental set up for the elemental analysis o f Cu, O and C to determine the 
copper concenti ation profile either side o f the copper foil 43.
The quantification method was straightforward and was based on maintaining 
consistency so that the results would be directly comparable. Quantification is carried 
out using sensitivity factors and the manufacture software. However there are several 
types o f background subtraction available and various ideas as to how to fit the 
cuiwes. This work required a fast reliable comparative method as follows. In all cases 
a straight line background removal was employed. The only difference was between 
spectra with satellites and those without. Spectrum without a satellite (illustrated 
figure 5.15a) simply had a line drawn across the bottom of the pealc. When a satellite 
was present (illustrated figure 5.15b) the same method was used but the line
was drawn across to include the satellite as well. The most important criterion was 
consistency across the profiles and also firom each profile to the next and this is 
assured.
5.8.1 Discussion
The results are shown in graphs 5.1 to 5.3. To clarify the interpretation of these 
results the foUowing should be noted. The method o f analysis has described the top 
and the bottom surface to distinguish between direction of sample analysis. Another
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way to look at the results is to describe the surfaces as those that were facing towards 
the copper foil and those that were feeing away fi'om the copper foil.
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Figure 5.15 Demonstration of quantification method for the two types of copper peak, a without a 
satellite and b with a satellite.
As an example take the surfaces analysed from the top o f the stack downwards 
through layers 1 to 19. Prior to reaching the foil at layer 11/12 the surface being 
analysed is the surface facing away fi'om the copper foil. After the foil the analysis of 
the top then becomes the surface facing towards the copper foil.
Additionally as will later be seen the top layer maybe described as the outer layer and 
the bottom as the inner layer when related to position within the transformer. This is 
because the samples analysed here have no definition as to which is the outer and inner 
surface. Samples analysed, which had been collected personally, do have identification 
o f orientation within the CT.
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The results show two sets o f data for the surfaces facing away from the copper foil 
and for the surface facing towards the copper foil shown in graphs 5.1 and 5.2 
respectively. It was found that on both surfaces o f the paper on either side o f the 
copper foil there was a distinct diffiision gradient. Graph 5.3 shows that the diffiision 
gradients are not the same on either side o f the copper foil nor are they the same on 
either side of the paper there appears to be several diffiision processes m operation. 
This is marked by the large step seen across the copper foil.
The reason for this apparent inconsistency is two fold. Firstly it is not possible to 
analyse both sides o f one sample, as the other side would have been contaminated 
during the mounting process. An attempt was made to use^ample as close to the site 
where the original had been talcen from but in some cases this led to analysis o f 
different areas. The second reason is due to the method o f manufacture, where the 
insulation is wound by hand forming a helical structure o f overlapping layers. In some 
cases the edge of the paper was reached and sampling was not possible. Thus it 
happened inevitably, that some samples analysed had black marks present on them and 
other samples did not (Graph 5.3).
The samples with a black mark generally had a satellite on the XPS spectra, which 
denotes the presence o f copper (II). The XPS spectra of the non black marks however 
did not have a copper satellite and therefore were copper (I). Interestingly the higher 
concentration o f copper was observed on the samples that had a black mark on the 
surface proving that the black mark was in some way linked to higher copper 
concentrations.
5.9 Analysis of Profile Sample B
Sample B was taken from another part o f the bushing (sample A) but had a much 
lower level of black marks on the surface of the paper. Construction of a Cu 
concentration profile across foü 43 for an English ©ectric 400 kV F.M.F Bushing, 
consisting of 11 layers o f paper on one side and 4 the other (table 5.1 sample B).
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The results are shown in graphs 5,4 to 5.6. The diffiision profiles are not as clear as 
with sample A, which can be explained by the low concentration of copper on the 
surface compai ed to sample A. In comparison with the first analysis of sample A that 
had a high concentration of approximately 3.5 at% copper the sample B had less than 
1 at% copper at its maximum.
Although at fifst glance the results do not seem as correlated as sample A, graph 5.6 
shows the distribution of black maiics on the sample which are much more erratic. It 
can be seen that where black marks are present the percentage copper is much higher 
and there is once again a visible difference between the difiusion gradients.
C
The construction of a profile o f a section o f a current transformer with no black marks 
visibly present on the surface of the paper. Sample C an English Electric 400 kV 
F.M.K Current Transformer (Cottam yellow phase). The sample was taken fi'om foil 
43, leg P I . The TOA used was 45 degrees with respect to the plane of the paper. The 
analysis consisted of 11 layers of paper on one side of the copper foil and 8 in the 
other an experimental set up similar to sample A (figure 5.14).
The results, as expected, were comparable to the results seen for the bushings 
examined in samples A and B. Graphs 5.7 and 5.8 show the copper concentration 
profiles of the surfaces facing away fi'om and towards the copper foil respectively. 
Both graphs show that the difiUsing species is closely related to a difiusion gradient 
across the individual paper layers. The difference between the two graphs is that the 
latter of the two has a distinct step as the analysis crosses the copper foil. The step 
could point to a dominant direction o f flow within in the system. Graph 5.9 shows 
both surfaces combined. It is important to note that the measured percentage copper 
concentration is lower than the previous two samples A and B. This was to be 
expected as the sample was specifically chosen with no visible black marks.
A simple test o f Fick’s law is given by a plot o f the natural log Vs distance squared
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which would give a straight line. This is for the case o f instantaneous diffiision from a 
plane source. In fact the data do not conform to this simple model and a more 
complete examination is given in chapter 7.
5.11 Concentration Profile Across Several Foils off Sample D
Sample D, English Electric 400 kV F.M.K CuiTent Transformer 2, Foil 12 to 16, 
Cottam yellow phase leg P2 was used to provide a Cu concentration profile. The 
section used was fr om a cuirent transformer with light black mai'lcs in areas close to 
the copper braid but where else the paper appeared clean.
Outer surfece
Inner suiface
Number of paper layers 
Foil number 11
06 23 30 28 23
12 13 14 15
F igure 5.16 Experimental set up for the elemental analysis o f Cu, O and C to determine the 
copper concentration profile across the copper the copper foils 11 to 15.
The results from sample D (Graphs 5.12 to 5.17) do not show such a good correlation 
of the concentration of copper. Sample D was used to see if a profile could be gained 
across several foils. Only one surface was tested due to the volume of analysis 
required. The erratic behaviour was due to the very low copper concentrations on the 
surface o f the paper layers. This was to be expected as the sample had been chosen 
with no visible black marks. The analysis was fiirther complicated by the high 
contamination o f mineral oil. High concentrations of mineral oil have been found to 
influence the analysis in several ways. Firstly the outgassing of the mineral oil has a 
detrimental effect on the vacuum in the analysis chamber. This problem had been
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reduced as much as possible by placing the samples in low vacuum for a set length of 
time. The second problem is related to the analysis itself. The oil forms a film on the 
surface o f the paper and therefore reduces the concentration o f copper that was 
measured. Depending on the amount o f mineral oil present on the surface the degree 
that it influences the copper concentration will be very varied. Additionally, the 
spectra are produced with an increasing amount of interference which makes 
quantification much more difficult.
The results however do show that copper has been transported across the paper layers 
through several layers of paper, originating fi om copper foils. Although the results are 
erratic diflusion profiles are clearly evident.
5.12 Copper Concentration Profile using Sample E.
Sample E was talcen fi'om English Electric 400 kV F.M.K Current Transformer 2, Foil 
1 to 3. The surfaces o f the paper wrappings were analysed for Cu, C and O and the 
analysis was carried out on both surfaces. The experimental set up was similar to that 
o f sample D. Samples were kept in a vacuum chamber for 24 hours prior to analysis.
As both surfaces were to be analysed the number of samples had been doubled. The 
ESCA Mlc II instrument had an autocarousel that was to prove a very usefiil piece of 
apparatus that speeded up the analysis. The autocarousel can accept ten samples at 
once and allows analysis to be carried out on all o f them m succession over multiple 
combinations of analysis.
Ten samples were therefore analysed at a time overnight for the duration o f the 
experiment using the fixed TOA of 75 degrees with respect to the plane o f the sample.
The graphs showing sample E (graphs 5.20 to 5.24), now have both sides o f the paper. 
Diflusion was again the pattern o f distribution and the difference between the two 
sides o f the paper was minimal. Clearly the diffiision is coming firom the copper foils
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as the concentration o f copper is higher on the paper layers in close proximity to the 
copper foils.
5.13 Solvent and Heat Tests.
Due to the poor quality of the concentration profile D it became increasingly evident 
that the mineral oil should be removed before analysis. Experiments were caivied out 
to examine if the copper signal could be enhanced by the removal o f the mineral oil by 
solvent or evaporation.
This had not been done earlier for several reasons. The mineral oil contamination had 
been very low on samples A, B and C and thus had not been thought to be necessary 
to remove the oil. The other consideration was that any clean up method could effect 
the chemical state or remove the copper compound completely. The other problem 
was o f a practical nature with the XPS. To perform the solvent and heat test would 
have been very time consuming to do manually by XPS, but the introduction o f an 
auto carousel enabled the tests to be performed in batches o f ten, overnight. 
Removing the mineral oil would also improve the vacuum within the analysis chamber 
and the background noise on the spectra themselves. The two choices available were 
to use a solvent to remove the oil or to evaporate the highly volatile components fiom 
the surface using a controlled temperature.
The solvents were chosen due to previous knowledge, although availability and 
relative cost were considered. In addition some consideration was given to the malce 
up o f the solvents. The mineral oil is basically a mixture of long and short 
hydrocarbons with little or no polarity within the molecule. But some o f the 
constituents are lilcely to be at least moderately polai'. Hexane was a typical non polar 
solvent which would be expected to act very well as a non-polar solvent. Acetone and 
2 -propanol are both polar due to the oxygen carried on the middle carbon which is 
highly electronegative. But the polarity is not as severe as if the oxygen at the end 
o f the chain. In addition they are both tried and tested organic solvent with 
outstanding capabilities for removing organic compounds of all natures.
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Dichloromethane is very much polar and is the least related to the straight chained 
hydrocarbon o f the mineral oil, but never the less was readily available so was also 
used.
The heat treatment was used to evaporate the mineral oil from the surface o f the 
paper. A temperature o f 90"C was used as this was as close to the maximum of the 
operating conditions as possible, so the risk o f damaging the paper was minimized. 
Various lengths of time were tried but as it will be seen later, the solvent test was 
more effective and practical.
5.13.1 Method
The criteria for the method to remove the mineral oil were firstly that it would 
effectively remove the mineral oil to the greatest extent possible. The second 
requirement was that the method did net ^f&ct the copper deposit in any manner. It 
would therefore be required not to remove the copper species to any extent and not to 
alter the chemical state in any way.
Table 5.3 Experimental conditions for the removal of oil.
Experim ent Conditions Time /  hours ,
1 Vacuum 10** (contiol) 2
2 Oven 90°C 2
3 Oven 90°C 16
4 Oven 90°C 30
5 Acetone 16
6 2-propanol 16
7 Dichloromethane 16
8 Hexane 16
Five random paper samples were talcen with varying degrees o f black marks from 
current transformers. Each sample was then cut into 8 separate 1 centimetre squared 
pieces. The samples were then treated with a chosen solvent or by the effect o f heat 
over variable times. Table 5.3 shows how each piece of paper was treated.
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Table 5.4 The effect o f cleaning with solvents on the % copper measured by XPS on paper
samples using a take off angle of 75*.
Sample U ntreated Acetone IPA Diclilorometh
ane
Hexane
1 0.90 2.79 2.77 2.26 2.51
2 0.09 0.38 0.28 0.26 0.39
3 0.22 1.28 0.96 0.62 0.77
4 0.07 0.61 0.68 0.26 0.88
5 0.32 0.84 0.57 0.47 0.94
Table 5.5 The effect o f drying the paper sample has on the % copper measured by XPS using
a take off angle of 75*.
Sample U ntreated 90 ®C / 2hrs 90 ®C/16hrs 90 ®C/30hrs
1 0.90 1.11 1.41 1.66
2 0.09 0.22 0.26 0.28
3 0.22 0.28 0.65 1.23
4 0.07 0.09 0.12 0.57
5 0.32 0.39 0.50 0.62
5.13.2 Results
The results of the drying and solvent tests are depicted in graphs 5.25 and 5.26 
respectively. Clearly the solvents proved more effective than the heat treatment. The 
heat treatment however did work and the graph shows that with all samples tested the 
percentage copper was increasing with time spent in the drying process. The solvents 
however proved to be the better, removing far higher quantities o f mineral oh and thus 
producing far higher values o f copper with much improved spectra. The solvents used 
were all effective to some degree although it was clear that dichloromethane could be 
discarded, as it did not perform very well. The remaining solvents all worked very 
well with acetone and hexane yielding the highest percentage copper when analysed.
From inspection of the spectra, it was deduced that none o f the processes had altered 
the state of the copper compound in comparison to the untreated specimen and 
therefore from that point o f view there was no effect on the choice to be made. All
106
Chapter 5 The ConslTUction of Copper Diffiision Profiles by XPS
methods of treatment increased the signal relative to the background noise. AH 
methods improved the vacuum in the test chamber, which had been reduced by 
outgassing of the samples previously, but it was noted that the solvent improved the 
vacuum better than the heat treatment, obviously due to the increased removal of the 
mineral oil.
The choice to be made came down to a choice of solvents, with Hexane, Acetone and 
2-propanol as the candidates. Hexane was a Icnown mineral oil solvent in other 
analytical processes for mineral oil. But as others appeared to remove an equal 
amount o f oil they were considered. Acetone was the final choice as it was equal first 
at removing the mineral oil but mainly because o f its quick drying properties due to its 
high volatility.
5.14 Cm concentration profile Msing sample F
Once the positive influence o f acetone cleaning was Icnown the opportunity was taken 
to reconstruct layer profiles using new samples. Sample F was used with little or no 
black marks (in effect a duplicate analysis to that of sample E) and each sample was 
washed in acetone prior to analysis. The sample had some black marks near to the 
surface that had a higher concentration of copper on them in comparison to sample E. 
These were talcen fiom an English Electric 400 kV F.M.K Current Transformer, foils 
5 to 10. The surfaces o f the paper wrappings were analysed for Cu, C and O. The 
analysis was carried out on both surfaces. The experimental set up was similar to that 
used fi*om previous profiles. Samples were washed in acetone for eight hours and then 
kept in a vacuum chamber for 24 hours prior to analysis.
With the higher concentration of copper on the surface and the cleaning in acetone the 
diffusion profiles can now be seen much more clearly (Graphs 5.27 to 5.32).
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5.15 XPS Results Graphs
The graphs in this section have been constructed using data collected by XPS. The 
copper has been quantified on the surface of the individual layers of paper as 
elemental atomic %. The layer number gives the order in which the analysis was 
carried out and indicates the number of layers in a sequence. The object of this work 
was to construct diffusion profiles. If  copper diffusion was the mechanism under 
study then a concentration gradient was expected to enwiate fi-om the copper braids. 
The majority o f the analysis was focused on the paper layers closest to the copper 
braids.
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5.16 Discussion
The examination of paper from representative sets of CT and bushings found that 
copper was present in various concentrations and chemical states. Other elements 
that have been found include oxygen and carbon associated with the paper and 
sulphur and silicon which would have been available in the mineral oil at the time of 
manufacture. The source o f the copper was the copper foils used for capacitive 
grading in the CT. The foils are placed every 20 to 30 layers o f paper. Apart from 
the copper conductor the foils are the only source o f copper. The source was 
confiimed when constructing the diffusion profiles because the layer that contained 
the highest amount of copper was the layer adjacent to the foil.
The SEM analysis had shown that the copper was often linked to oxygen and in some 
cases sulphur, probably as copper oxide or sulphide. Analysis by XPS however 
showed that sulphur was not present as often and no correlation could be made 
between sulphur and copper concentrations.
The spectra gave additional information as to the chemical nature of the copper 
species. The original spectrum of the Cu narrow scan had no satellite and therefore 
copper could be confinned to be in its metallic state or in the form of Cu^ ions. In 
some cases a satellite was present on the XPS copper narrow scan. A satellite on a 
Cu narrow spectrum is a signal that the copper is in the form of Cu^ "^ . It had therefore 
been proved that the copper was in the form o f two ions Cu"** and Cu^ .^ The ions are 
most probably m the form of the oxides CuO and CugO. This was accepted as 
oxygen is the most likely oxidising species available apart from sulphur and sulphur 
is rarely seen.
The position o f the Auger pealc is o f far more significance than that of the 
photoelectron peak because the chemical shift is far greater on the Auger spectra.
The remaiumg XPS and Auger spectra depict three cases where there is a distinct 
black mark on the surface, a slight black mark on the surface or no visible marks at 
all. These samples where analysed for copper by XPS at a TOA of 75 degrees giving 
the greatest depth penetration. Examination of the Cu2p3/2 pealc with the LMM peak
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spectrum proved all samples to be in the Cu(I) chemical state. This was not the case 
when more surface specific analysis had been completed. The surface was found to 
be in the form of Cu (I) and sometimes Cu(II).
Generally when there was a black maik a satellite would be present on the spectrum 
and when the black mark had faded or was not visible there would not be a satellite. 
The darker the deposit the larger the satellite was likely to be. Where satellites were 
present there was also a higher amount o f copper measured on the surface o f the 
paper. Higher levels o f copper are therefore confirmed by the presence of Cu^^ ions 
and very dark deposits.
The concentration profiles found through experiment are not in the form that would 
be expected for diffusion from an instantaneous source and a test o f Picks law of 
diffusion awaits the more detailed analysis o f chapter 7. All the profiles measured 
were unique in concentration and shape indicating that the diffusion mechanism was 
affected by a number of variables. These would include temperature and the 
availability o f the diffusing species which could be affected by the rate o f arrival o f 
the oxidising species.
Whether the copper was in the form of the singly or doubly charged oxide there must 
be a source o f oxygen. The only oxygen in the CT is in the form of cellulose in the 
paper and trace amounts in the mineral oil compounds. Therefore there must have 
been another source of oxygen. The most lilcely source is by air ingress. The CT is 
sealed at manufacture after all air has been removed by passing nitrogen gas through 
the oil. Therefore at the time o f  manufacture the CT would have no air inside. It is 
lilcely that at the beginning there would not be any copper diffiision due to the lack o f 
oxidant. After a period of time, between 5 and 25 years for example air must have 
entered the CT through unwanted brealcs in the seals. The cracks in the seals may 
have been made by overheating or could have been created by the weather conditions.
The formation o f Cu^ and Cu^^ ions requhes a method o f oxidation withm the oil - 
paper matrix. It would be useful to know the oxygen content o f the mineral oil and 
the contribution made by the cellulose from the insulating material. A further 
consideration is how does the oxygen concentration increase with time.
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Another important point is that when there are black marks present there is a much 
steeper diffusion gradient. In compai'ison the transport of the copper (I) ion has a 
shallow concentration gradient. Clearly the production o f copper (II) ions is 
occurring at a faster rate or in preference to the copper (I) ions.
The graph for sample A shows several clear diffusion curves with the most distinct 
being the surface facing away with black marks depicted by triangles. This is a 
pointer to the fact that depending on the direction of flow and the extent o f the 
deposition the diffusion mechanism is slightly different.
An interesting feature o f the graph for sample C is the difference in the concentration 
o f copper observed on the two surfaces either side o f the copper foil. On the left hand 
side of the graph the concentration of the copper is the highest on the surface facing 
the copper foil, which would be expected, but on the other side the concentration is 
higher on the surface facing away from the copper foil. This is in fact the same 
surface through out the current transformer and suggests that there is an effect which 
causes a higher deposition of copper on one side of the paper relative to the other.
It has been suggested, by a paper manufacturer, that there is a difference in the two 
sides o f the paper, caused by the manufacturing process. During the manufacturing 
process the paper is laid down in sheets and contains up to 90% water. The dilute 
suspension allows the fibres to sink to the bottom before the water has been removed. 
The result is that one side of the paper has a higher density of paper fibres compared 
to the other. The higher density may have the effect o f increasing or reducing the 
deposition of the copper species.
A solution to Pick’s law, presented in the literature, shows that if the natural log (In) 
of the concentration o f copper is plotted against the distance (x) squared, in this case 
talcen to be by layer number, then a straight line graph should result if the source was 
instantaneous. Plots using this method were not Imear, but never the less showed that 
the diffusion cuives were closely related. Graphs 5.12 and 5.13 show these graphs. 
On both graphs and both surfaces it can be seen that there is only a small difference in 
the gradient of the lines even though the concentrations are different.
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It must be remembered that the system has other factors that may influence the 
diffusion phenomena. The current transformer has a magnetic core and although 
copper is not particularly susceptible to magnetic force, the effects need to be a 
consideration. The other main factor that may be of some importance is that the 
current transformer operates on alternating current (ac). This means that the cuirent 
will flow in two directions. If  the copper mobility were linlced in some way with the 
flow of current then this would give a possible explanation for the multidirectional 
diffusion mechanism.
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CHAPTER 6
FORENSIC EXAMINATION OF A FMK 400 
KV CURRENT TRANSFORMER
6.1 Introduction
The information that was collected in chapters 4 and 5 solved many aspects of the 
study. The black marks had been established as copper based compounds and it had 
been shown that the transport mechanism was diffusion. Some questions, at this point, 
had still remained unanswered. An important criterimwas that the samples used up to 
this point had been removed from the CT of concern many months before the 
experimental analysis. Thus the chemical nature of the copper and the rate o f diffusion 
could not be guaranteed to be the same as found in the CT during operation. Another 
problem was that the sampling methods used at the time of examination had not been 
carried out with experimental analysis in mind. Therefore the handling and the notes 
made on sample positions were inadequate. The distribution of the black marks inside 
the dismantled CT would also provide important information on the process in 
operation.
There have been some problems that have been encountered with analysis up to now 
due to the sampling methods used on previous CT examinations. Firstly it is necessary 
to use fresh samples, as there cannot be confidence that the chemical state of the 
surface had not changed while open to the atmosphere for long periods. There is also 
a possibility that the build up of smface contamination over time could affect the 
results. In XPS the technique is only looking at the first few atomic layers and so a
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very small amount of contamination could exclude information. When the previous 
samples were talcen the use of this technique was not a concern and hence the samples 
may have been handled which may have gf&cted the results. Some o f the better 
samples were also used for other techniques such as DP. Sample labelling was not 
sufficient to pinpoint exactly the position in the CT where the samples had been taken 
from. Hence it was necessary to examine another CT with similar problems to gain 
accurate information to compliment the information gained so far.
AU the current transformers that have been examined so far have had black deposits 
found on the surface of the insulation paper and the capacitive grading copper braids. 
The object of the project was to tiy to make better identification of these black marks, 
find the method o f formation and to formulate a mechanism o f transportation of the 
black deposits. It was hoped that a time period could be discovered so as to make a 
comparison.
This chapter describes the manual dissection of a CT with the above points in mind. 
An accurate record o f the observations and samples acquired was a main requisite. 
AdditionaUy fresh samples were acquired and an accurate record of the distribution of 
the copper deposits was taken. The results fr om analysis by XPS o f the unexposed 
samples gave very good profiles and spectra and confirmed that the work carried out 
in the previous chapters had not been affected by long term exposure to the 
atmosphere.
Where appropriate the figures have been incorporated in the text. The photographs 
have been kept in a separate section at the end of the chapter to aUow comparison and 
to create better presentation.
6.2 Selection Criteria for the CT
After the problems experienced with the catastrophic failure of other CTs several other 
CTs were removed from service on the basis of the dissolved gas analysis (DGA). 
The DGA results for previously examined CTs and the CT examined in this report can
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be seen in table 6.1. Generally the CTs which had visible copper transport were in a 
state of chemical breakdown of the oil and paper insulation. A number of gases can be 
produced but a good indicator o f the state o f the current transformer is the acetylene 
and ethylene content. The CT chosen for this experiment was chosen on the basis of 
the DGA. The table shows that there was a significantly high level, o f several gases 
compared to that of the previously examined CTs which showed copper transport. 
This shows that the DGA is a useful tool in estimating whether or not conditions for 
copper diffusion are likely to be present.
Table 6.1 The dissolved gas analysis for two previously examined CTs and the CT chosen
from the comparison of the DGA for the purpose o f the project new examination.
Determination Cottam  Yellow 
phase 364928
Sundon blue phase 
365377
Sundon 358862
Gas content / % 1.93 2.83 4.35
Carbon monoxide / 
ppm .  __
50 219 118
Methane / ppm 262 1731 947
Carbon dioxide/ ppm 741 384 721
Ethylene / ppm 295 2754 1346
Ethane / ppm 71 830 292
Acetylene /  ppm 0.5 346 126
Hydrogen /  ppm 1886 13692 3791
Oxygen / ppm 9291 11434 11043
Nitrogen / ppm 42491 64848 47510
Moisture / ppm 14 3 13
Appearance unknown golden unknown
Total PCB / ppm 21 109 78
The first two columns are the DGAs fi*om two previously investigated CTs. The DGA 
content of the chosen CT for examination is shown in the third column. Overall it can 
be seen that the gases are generally o f a similar ratio to the previously failed units 
which exhibited copper transport.
Another important factor that may be related to copper difiusion is the oxygen and 
nitrogen contents in the oil, which are approximately in the ratio o f ah. Air has an 
approximate percentage composition o f 21 % oxygen and 78 % nitrogen. In table 6.2 
are the oxygen and nitrogen percentage analysis found m the oil, taken from the DGA
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for the three examined CTs. The expected ratio for air would be 1:4. The samples 
taken have a similar ratio to this and therefore it could be concluded that there is air in 
the CT mineral oil. The source o f this air is unknown at present but theoretically 
could easily have been in the oil at the time o f manufacture or has possibly difiused 
into the system due to leaks in the housing. Further analysis o f the oxygen and 
nitrogen ratios in the oil can be read in the NGC report [22]. It is interesting to note 
that the amount of oxygen and nitrogen in the oil is not uniform throughout the 
analysis and some oils contain very little amounts.
Table 6.2 The oxygen and nitrogen percentage ratios found in the examined CTs
Source %  Oxygen %  N itrogen
Air 21 78
364928 17.9 82.1
365377 15.0 85
358862 18.9 81.1
6.3 Field W ork
6.3.1 Health and safety
Due to the presence of polychlorinated biphenyls (PCBs), a known carcinogen, it was 
necessary to talce several precautions. Firstly it was important to prevent any spillage 
so a protective bund was constructed around and underneath the CT. This was then 
covered with special oil soak up mats. All members of the team were issued with 
NGC specified safety equipment including disposable Tyvek F boiler suits and 
overshoes, nitrüe gloves and hard hats.
6.3,2 Removal of oil
Prior to the examination o f the CT, several procedures needed to be carried out. The 
first thing to be done was to test the oil for PCB contamination. The highest level at
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which the carcinogen can safely be worked with is 25 ppm. The CT subsequently 
failed and the oh management unit was employed to remove the oh and replace it with 
new oh. The first thing to be done on the day of the dissection was the return o f the 
oh management unit to remove the mineral oh and check it for levels of PCB. The 
PCB level was found to be within the acceptable limit. A crane (Photo 6.1 and 6.2) 
was then used to remove the porcelain cover and the CT was lifted from its housing 
and then transported to the work area where it was placed on some speciahy 
constructed trestles.
6.3.3 Method of dismamtümg
The method of cutting and sampling the CT prior to the start o f the field work was a 
very important consideration. The purpose of the dissection was to gain as much 
information as possible regarding the position and intensity of the black marks inside 
the CT. The cutting, sampling and storage methods were of high importance as were 
the choice of sample points. Several other CTs have been examined in the past and the 
experiences gamed from them were drawn upon. Electric rotary saws were ruled out 
as their use caused the oil and the paper to tuin to a pulp which resulted in the 
jamming of the saw. It should be noted that when used in moderation the saw 
increased the cutting rate considerably. A wood borer was also considered as a 
method of profiling but they are not manufactured to talce a sample greater than 0.5 
cm in diameter and the niinimum sample size required was 1 cm in diameter. Saws 
were not used as the teeth had a similar effect to the rotaiy saw. Generally all methods 
of reducing the labour intensity were found to be unusable.
The choice of tools came down to practicality. The cutting sources were Stanley type 
knives. The samples were then held in place relative to each other using 400 micron 
thick insulation paper and staples. The samples were then stored wrapped in the 
insulation paper in polyethylene sample bags.
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6.3.4 Sampling points
The sample points were chosen at random to give an overall analysis o f the CT. The 
two legs of the CT, PI and P2 were deemed to liave experienced a similar life and thus 
it was not necessary to duplicate all sample points on each leg. The main aim was to 
acquire profiles fiom the outer layer through to the core, the sample points are shown 
in figure 6.1. The divisions along each leg represent the layers of wrappings as they 
were put onto the CT. For these purposes the layemassociated with sample point A 
are numbered 1 and 2  respectively, number one being the fii'st layer which was wound 
onto the copper core during manufacture. The sample point layer numbers and 
distances jfrom the top o f the core are shown in table 6.3.
Table 6.3 Sample points associated with figure 1. The distances along the individual legs of 
the CT and the layer numbers linked to those distances are shown.
P I F2
Sample point L ayer No D istance / 
cm
Sample point L ayer No D istance / 
cm
A 1 - 2 2 7 -3 4 A 1 - 2 2 7 -3 4
B 5 - 6 5 9 -7 4
C 10-11 95 - 109
D 2 0 -2 1 168 - 182
E 2 6 -2 7 2 1 1-226
F 3 2 -3 3 259 - 277
G 4 1 -4 2 370 - 390 G 4 1 -4 2 370 - 390
H 43 Under
secondary
J 43 Hairpin
6.4 Stripdown and Examination of the CT Insulation
6.4.1 Sampling notation
The method of labelling o f the current transformer firstly had to be outlined. There are 
two legs to the CT and these are labelled PI and P2. Secondly there are several 
sampling points which are labelled by letters and can be seen in the schematic diagram 
in figure 6.1. When the letter is mentioned in conjunction with a layer number this
128
Chapter 6 Forensic examination of a 400 kV current transformer
P I
A
D
A
B
i 3.1
3
P 2
m  0
A
B
C
Figure 6.1 Diagram of a current transformer showing the sampling points from the CT stripped 
down at sundon.
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corresponds to the number o f layers of thiclcness at this point. Generally the layers are 
numbered in the order that they were manually constructed i.e. the first layer put onto 
the core is layer 1 and the second layer put on is layer 2. Hence layer 1 can only be 
seen at the top o f the CT legs. All of layer 43 can be seen but this only covers part of 
the legs and the hahpin section o f the CT. The number o f layers also corresponds to 
the number of copper foils present. However as the CT had to be talcen apart from the 
outside, the foils are then labelled fiom the outside fiist making the first foil contacted 
at any profile foil 1.
Example (1) Position C ( layers 21-22) 4th foil black marks. This corresponds to 
point C, foimd at the ends o f layers 21 and 22. Black marks were found on the fourth 
foil down. This means that there are actually black marks on foil 17 and 18 at position 
C.
Example (2) Layer 7 / 8  foU 1 would be the beginning of the 7 and 8th layer foils 
which were wrapped and foill would be the foil which was closest to the outside, 
which in fact would be foil 8 . Again Layer 2 1 / 2 2  foil 1 would be the 21 and 22 th 
layer foils, which were wrapped, and foill would be the foil that was closest to the 
outside, which in fact would be foil 2 2 .
6,4.2 General obsei'vations
Pictures o f the team and the examination in progress can be seen in photos 6.3 and 
6.4. The CT can be split into three main areas A, B and C (figure 6.1) when generally 
describing the distribution of the black marks.
Section A is the top half of CT, section B is the centre o f the CT fi*om half way down 
the CT to the beginning o f hairpin / below the secondaries and section C was the 
hair pin area.
In area A, there were black marks randomly spread thr ough all areas and depths of the 
CTs insulation and copper foils. The black deposits were not as intense in comparison
130
Chapter 6 Forensic examination of a 400 kV cm rent transformer
to other areas of the CT and through some profiles do not exist at all. The black 
deposits tended to be towards the outside of the CT, i.e. they were decreasing with 
depth towards the core of the CT.
In area B, the first layer was unmarked, the following 6-7 layers were then 
considerably blackened. The layers held an increasing amount of black deposit 
reaching a maximum intensity at about foil 4 or 5 in depth before then decreasing to a 
point approximately at foil 7, where the black deposits then disappeared completely. 
The black marks were at their highest intensity in this region with the largest amounts 
appearing under the secondaries, above and below. The black marks also increased 
towards the centre of the CT compared to that of the outside. This is the area at 
which the secondaries are next to each other and thus any heating effects would be 
increased.
Area C is the Hairpin. The first foil is clean and then firom foil 2 to foil 6  there are 
light black marks of fai* lower intensity than that of area B. The hairpin appeared to 
have black marks predominantly on one side of the CT only, towards leg PI.
6.4.3 Cuts “ profiles taken
The following paragraphs are a detailed description of the sampled areas taking 
particular account of the position of the black marks on the surface o f the paper. The 
positions o f the sample points can be viewed on the schematic diagram of the CT 
(figure 6 .1).
A P I Layers 1 and 2. There were no black marks present on foü 1 on the paper or 
surrounding the black Elephantide end (BEE). A detailed description of the 
Elephantide end used to seal a foil wrapping is given later. Foil 2 has small amounts of 
spotted black deposits on the paper directly adjacent to the copper foil. The rest of 
the profile has no black deposits present.
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D P I Layers 20 and 21. No black marks were present on foil 1 apart from around 
the black plastic end section, which will be described later. With increasing depth no 
further black marks were found through this profile.
F P I Layer 32 to 33. No black marks were seen on foils 1 and 2 apart from around 
the BEE areas. There are marks under the foil when close to BEE area. Below foil 3 
there were black marks, through foil 4, showing a small section with a profile.
G P I Layer 41/42. (photo 6.5, 6 .6 , 6.7) Extensive black marks through first few 
foils from the outside in. Foil 1 shows evidence of black marks light in coloui', these 
black marks then increase in intensity thi’ough foils 2  and three pealdng on either side 
o f foil 3. Black marks are visible up to a depth of 5 foils and thereafter decrease 
rapidly and very soon after foil 5 can no longer be seen. The intensity of the black 
marks appears to increase on the inside of the hairpin in comparison to the outside. A 
detailed analysis o f this section by XPS is described later. Quantification of the profile 
is given. Aiea just above and underneath the secondaries is lilcely to be associated 
with higher levels of heating, which has been proved to accelerate the diffusion 
mechanism. It is also a difficult area to wind as the section is no longer straight and is 
going into a curved section. This may account for the higher levels of black deposit 
due to the looser winding and the increasing ease at which oxygen may ingress or be 
trapped.
H  P I side o f hairpin (photo 6 .8 ). Black maiics were seen on and around foil 1 but no 
obvious profile through to foil 2. Below foil 2 there is a profile through to layer 3 and 
then after foil 3 there are no visible black marks.
A P2 Layer 1-2 (photo 6.9). No black marks seen on paper through foils 1 and 2
B P2 Layer 5-6. No black mark profiles, however black marks seen on paper behind 
black plastic ends on outer foils.
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BC P2 Layer 8-9 from the outer foil 1 down to foil 7 black marks were seen on the 
areas beliind BEE areas. Below foil 7 the paper was clean.
C P2 Layers 10/11 (photo 6.10). Foils 1 and 2 showed clean paper apart from the 
area adjacent to BEE areas.
Layers 3-5 had a few black marks above foil 3 and a profile evident below foil 3 
through to foü 4. After foü 4 the profile moved across to the next BEE area and then 
moves through to level 5. On layers 6-7, black marks were present above and below 
foüs 6  and 7 for the first 3 or 4 layers of paper. Layers 8-9 had light black marks 
above foü 8 and then heavy deposits below for the next a couple of layers. Foil 9 was 
simüar and foils 10 and 11 had no black deposits.
E P2 Clean aU the way through the cut apart from veiy light marks adjacent to the 
BEE areas.
G P 2  Above the secondaries (photos 6.11 to 6.13), the outer layers were visibly 
clean. Intense black marks appeared around layers 2, 3 and 4 giving very vivid 
profiles. The black deposits continued through layers 5 and 6  but then started to 
lighten up by foil 6 . By foü 8 aU the black marks had disappeared.
6.4.4 Hairpin (photos 6.14 to 6.20)
The outer layer and the fiist foü on the hairpin were unmarked with a black deposit. 
The first black marks were then seen under the first foü. The black deposits were 
found to be covering all areas under the first foil but with increased intensity to the PI 
side o f the CT (photo 6.14, 6.15). The black marks were only seen on the layer 
adjacent to the copper foü. Layer 2 (photo 6.16, 6.17) shows that there are black 
deposits on the left hand side (PI) o f the CT only. This trend continued through to 
layer 4 and 5 (photo 6.18). Layer 6  (photo 6.19) had no black maries on it and this
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continued down to the core. A section through the blackened region of the hairpin can 
be seen in photo 6 .2 0 .
Overall there are two distinct sides to the hairpin. One side is completely clean from 
the outside to the core this is the extension o f leg P2 on the other side there are black 
marks from the 2"^  foil downwards to a depth of foil 5. The highest intensity of black 
marks was found on foü 3.
6.4.5 Detailed analysis and description of section on P2 between C and E
This section was not sampled but was carefully dismantled layer by layer by hand and a 
detailed record was kept (photo 6.21). The area examined was between sample points 
C and E along P2. This area ran from approximately 110- 200 cm from the top of the 
CT and started with the outside layer 26 down to approximately layer 12. A visual 
profile can be seen in figure 6 .2  as a histogram but the results are not quantifiable and 
it is only an arbitrary number, for black mark concentration from 1 to 10 in intensity.
A visual perspective on the black marks taken from analysis of 
a section t>etween P2 0  and E
îi
-t—I— I— I— t— I— I— I— h
Foil num ber
Figure 6.2 Histogram to give a visual description of the black marks found through the detailed 
analysis of the section between sample points C and E on leg P2.
On the first two layers 26 and 25 the insulation appeared to have no black marks. 
Then at layer 24 black marks were shown to be present very lightly and only adjacent 
and above the copper foü. The black marks increased to an overall light covering
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through the next two layers 23 and 22 before disappearing by layer 21. The only 
marks on foil 21 were associated with the edge of the copper foil with a pattern on the 
first layer of paper immediately touching and below. Similarly with 20. From layer 19 
to 12 there were no visible black marks again.
At layer 11 deposits were again seen on the first piece of paper next to the copper 
source. Ten showed increased levels o f diffusion reaching as far as the S**' layer of 
paper. The deposition was very patchy. Level 9 was similar to that of level 10.
By level 8 the black marks were found on all layers of paper across to foil 7. The 
intensity of which increased through to level 6  and again to %, which showed the 
heaviest o f the deposits through to level 3. Layer 2 had light deposits on it and level 
two had no deposits on it.
6.4.6 Areas close to the OMtside of the
The first foil (photo 6.22) seen on the outside adjacent to the fibreglass exterior was 
tarnished but there were no black marks found on the copper foil or the adjacent paper 
layers. Generally there were black marks found to the outside o f the wrappings, not 
necessarily the first foil but quite often on the next 2 or 3. This would be expected if 
the dM ision was due to an ingress of oxygen through the oil.
6.4.7 Areas above the secondaries
The highest levebof black deposits found just above and under the secondaries, 
this area is likely to be the most susceptible to over heating which would increase the 
rate of the diffusion and the oxidation. Areas towards the inside of the CT opposed to 
the outside o f the CT were found to have a higher intensity o f black deposits. This is 
again lilcely to be an area susceptible to increased heating
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6.4.8 Detailed description of the black Elephantide ends (BEE)
Inside the CT approximately every 14 paper layer windings there is a copper foil layer 
included. The purpose of this copper foil is to give capacitance grading to the CT. 
The ends of these foils are required to be sealed, with a black Elephantide ring around 
the leg of the CT. Photos 23 and 24 show these black plastic ends cut back to give 
some detail o f what is happening in this area.
The basic structure can be seen in figure 6.3. The BEE is made in a V shape. When 
finishing a foil one is placed just under the end o f that foil. The foil is then wound over 
the bottom half o f the V. One layer of paper is then wound on top o f this foil inside 
the V. The top of the V is then lowered and another layer o f paper is then wound over 
the top, concealing the presence o f the black BEE. The next fourteen layers are then 
wound on another foü and the process is repeated.
Black Elephantide end 
Copper foil 
Insulation paper
Common positions of black deposits
F igure 6.3 Schematic diagram to show the distribution of black marks found on the insulation 
paper around the area adjacent to the black Elephantide ends.
Black marks were found in the majority of cases where the BEE was positioned. 
Black deposits were seen below and behind the black plastic. The BEE is likely to be 
an area, which is prone to ridges, and hence small gaps that air could be trapped or 
greater amounts of mineral oü saturated with air could be contained. The effect would 
be the increased rate o f oxidation o f the copper foil and the production o f the diffusing 
species.
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Photograph 6.1 The removal of the ceramic cover from the CT by crane.
Photograph 6.2 Transfer of the CT wrapped in plastic to the trestles in the examination area.
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Photograph 6.3 Left to right, Gordon Wilson and Tom Whitfield in latter stages of CT stripdown. 
Shows power station, proximity to outside and NGC van in background.
1
Photograph 6.4 Left to right, Pete Wilson, Tom Whitfield and Gordon Wilson during examination 
of the CT insulation paper.
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Photograph 6.5 Area GPl severe black marks below foil 2 on the surface of the paper.
Photograph 6.6 A profile through area G PI. Area just below the secondary windings. Shows that 
the copper layers have been profiled straight through to the core. A very dark region exists at the top 
of the picture between foils 2 and 7.
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I m
Photograph 6.7 G PI section as seen in photo 6.6. This picture gives a good view of the structure 
inside the CT as the individual copper foils are clearly visible
Photograph 6.8 Sample position H. Heavy black marks on the paper underneath the second foil
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Photograph 6.9 Side view of the CT. The foreground is leg P2 and from right to left are sample 
points A, B and C. Very few black marks were found in this area.
Photograph 6.10 Sample point C P2. 3 to 4 layers down there are visible light black deposits on the 
surface of the paper adjacent to the copper foil.
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Photograph 6.11 Area G P2, black marks on paper next to copper foil.
Photograph 6.12 Area G P2, black marks all the way through layers 3 and 4.
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Photograph 6.13 Close up of area G P2. Black marks on paper next to copper foil
Photograph 6.14 Overall picture of hairpin, the outer layers have been removed.
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Photograph 6.15 Hairpin, black marks on the paper underneath the copper foil from the second layer 
downwards.
Photograph 6.16 Hairpin 2-3 layers deep, the section has black marks all over it but the black marks 
are increasing in intensity to the left o f the section.
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Photograph 6.17 Hairpin (J) section. Shows black marks 3/4 layers down increasing in intensity 
towards PI and decreasing towards P2.
Photograph 6.18 Hairpin 4 -5 layers deep. Black deposits are still highest on the left hand side.
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Photograph 6.19 Hairpin 5 to 6 layers deep. The black deposits are no longer visible.
Photograph 6.20 Section of CT cut through with a rotary saw. Shows the distance and thickness of 
paper between each foil. Shows that at each layer there are black marks on the paper adjacent to the 
copper foil (Area - hairpin).
146
Chapter 6 Forensic examination of a 400 kV current transformer
Photograph 6.21 Close up of black marks within the area which a detailed description was taken.
Photographs 6.22 Copper foils laid out on clean paper background. The copper foils were 
overlapping and the top surface has been tarnished excessively. Where they overlap underneath the 
copper is less tarnished.
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S vC-
Photograph 6.23 Section directly below and adjacent to C P2. Shows the black Elephantide ends 
which are placed at the end of each foil. The paper has been cut back to highlight certain areas. The 
basic structure of the black plastic area is one copper foil followed by paper(one layer), the paper has 
black marks on it. The copper is slightly tarnished. Below the plastic and hence away from the 
copper foil there are no black marks.
Photograph 6.24 Close up of detailed black Elephantide end analysis as above.
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6.5 Analysis of Black Deposit
6.5.1 X-ray photoelectron spectroscopy.
XPS was used to confirm the composition of the black marks found inside the CT on 
the surface o f the insulation paper and to trace the diffusion o f the copper compounds 
through the paper. The methods o f sampling and analysis along with the experimental 
parameters can be found in chapter 5. Typically the elements found in the past have 
included copper, oxygen, carbon, sulphur and silicon. Typical binding energy values 
for the elements found aie seen in table 6.4.
Table 6.4 Typical binding energies o f the main peaks of the elements found on the suiTace of the 
paper with black deposits from a CT.
Element Peak Binding energy eV
Copper Cu 2p3 934
Oxygen 0  Is 531
Carbon C Is 287
Sulphur S 2p3 165
Silicon Si 2p3 102
6.5.2 Sample preparation
Samples o f the contaminated paper were talcen from various sections o f the current 
transformer and the sections were carefully separated by hand, layer by layer. Each 
sample was then washed in acetone to remove the mineral oil and then mounted on a 
stub using double sided adhesive tape. The washing in acetone is very important as 
the mineral oil firstly forms a film over the area to be analysed and secondly causes a 
problem when it degasses in the vacuum chamber, making it difficult to acquire the 
minimum test vacuum of 10 '^  mbar.
The samples were then placed in a vacuum chamber and stored at 10'  ^ mbar for a 
minimum of 48 hours, to degas as much oil contaminant as possible. Prior to analysis 
the samples were then degassed fiirther in the preparation chamber inside the X-ray
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F igure 6.4a XPS spectra of paper w ith black deposit taken from profile in 
figure 11.
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Figure 6.4b XPS spectra for carbon, oxygen, sulphur and silicon.
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photoelectron spectrometer for between four and sixteen hours to acquire the 
minimum test vacuum 10 "^  mbar.
6,53 Results
A profile was taken from area GPl as shown in the photos 6 .6  and 6.7. The 
photograph shows that there are several layers of black marks at the top o f the picture, 
basically the first few foil layers. XPS was carried out on all o f these layers to gain a 
profile through this region.
The wide scan and the nairow scans for a piece of the insulation paper in contact with 
the copper braid can be seen in figure 6.4. The elements present are copper, sulphur, 
oxygen, silicon and caibon. The elemental analysis for this piece o f paper that is talcen 
from layer 56 and is facing away from the copper braid is shown in table 6.5.
Table 6.5 Elemental analysis of paper layer 56 (surface facing away from copper braid).
Surface composition (atomic % )
Specimen Cu O C S Si
As received 3.27 19.01 77.25 0.27 0.19
The oxygen and the carbon are likely to have come from the surface of the paper. It is 
also possible that the carbon is from the contamination and then the oxygen and the 
copper are the copper oxide. The sulphur and the silicon are lilcely to have originated 
from the oil.
Figure 6.5 shows the narrow scans for copper for the first 6  layers before foil 1 layer 
1 is adjacent to the copper foil. It is clear to see that as the analysis moves away from 
the copper foil the sizes o f the pealcs are decreasing and hence so is the copper 
concentration.
The second point to make is that the size o f the satellite is decreasing. A satellite 
present on a copper narrow scan points to the copper being in a chemical state o f
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Cu^ .^ If there is no satellite present then the copper is in a chemical state of 
Hence as the black deposit decreases in intensity so does the amount of which is 
present to the point at layer 6 there is no satellite and only Cu
X P S c o p p e r  n a rro w  s c a n s  fo r  th e  f ir s t  s ix  la y e r s  o f  p a p e r  
(L a y er  1 a d ja c e n t  to  c o p p e r  b ra id ).
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Figure 6,5 Copper narrow scans for first six layers of paper. The copper satellite can be seen to 
decrease in size as the analysis is moved away from the copper foil. This decrease is mirrored by a 
decrease in copper concentration measured by XPS and a decrease in the black deposit seen on the 
surface. The Cu 2p3 peak is undergoing a chemical shift depending on the amount of Cu^^ is 
present.
The change in oxidation state can also be observed by the chemical shift, which is 
created on the 2p3/2 peak. The greater the amount of Cu^  ^ that is present the higher 
the binding energy of the spectrum.
The profile through G P l can be seen in figure 6 .6 , 6.7 and 6 .8  (tabulated in appendix 
4). The atomic % of copper has been plotted against the layer no through the profiled 
section. The amount of copper found on these layers was the highest recorded in this 
study and was the highest intensity found anywhere in the CT. The copper 
concentration can be seen to be at its highest when adjacent to the copper foils, 
reaching a low point between the copper foils. The highest concentration was found 
on foil 4, followed by foil 3 but generally the concentration is decreasing in both 
directions as the analysis moves away fi'om foil 4.
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C o n c e n tr a t io n  o f  c o p p e r  (At%) fo u n d  o n  th e  s u r fa c e  
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Figure 6.6 Percentage copper found on the individual paper layers through the profile seen in figure 
11. N.B. Red lines show the positions of the copper braids. Outer surface.
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Figure 6.7 Percentage copper found on the individual paper layers through the profile seen in figure 
11. N.B. Red lines show the positions of the copper braids. Inner surface.
C o n c e n tr a t io n  o f  c o p p e r  (At%) fo u n d  o n  th e  s u r f a c e  
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Figure 6.8 Percentage copper found on the individual paper layers through the profile seen in figure 
11. N.B. Red lines show the positions of the copper braids. Both surfaces.
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6.6 Atomic Absorption Spectroscopy
6.6.1 Introduction
The quantification of the Cu on the surface o f the paper by XPS is only given as a 
percentage of the total elemental composition of the area analysed. It does not give a 
figure that could be used to estimate the mass of copper that had been transported. It 
was necessary to find a technique that could measure the total copper in a piece of 
paper. Atomic absorption spectroscopy (AAS) was used, the details of which have 
been described in chapter 3. The technique provided two types o f information. Firstly 
by direct comparison with XPS it was possible to put a mass figure to the at% copper 
measured by XPS. Secondly the technique was used to plot the diffiision o f copper 
through the paper and confirm the results found by XPS.
6.6.2 Samples
The samples consisted of a random selection of samples with different degrees of black 
mark contamination. The only criteria for the samples were that they were reasonably 
lar ge and had a uniform distribution o f black marks across the surface. The size was 
due to the sample having to be analysed by XPS and AAS. The even distribution 
would malce the analysis as accur ate as possible and therefore give comparable results. 
Each sample was then washed in acetone prior to analysis. Three typical pieces of 
paper can be seen in figure 6.9 with the found copper concentrations.
The second experiment was to measure the copper concentration across a profile. The 
profile chosen was one fi*om an area underneath the secondaries where the black 
marks were at the highest mtensity. The profile would show that the difiusion could 
be measured by more than one technique.
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Figure 6.9 Examples of three pieces of paper analysed by AAS and XPS
6.6.3 Experimental method
The analysis by XPS has already been discussed. The method of analysis by AAS is 
given in this section only. The washed samples were weighed, cut up and then placed 
into 10 ml o f 50 % nitric acid for 1 hour. This would allow the copper to dissolve into 
solution. The samples were then decante*) and washed quantitatively into volumetric 
flasks. The volume was made up to 50 ml giving a solution o f 5% nitric acid, ideal for 
the AAS. The samples were then analysed by AAS.
6.6.4 Results
Table 6.6 Samples in photograph 6.9 XPS at% and AAS ppm
Sample AAS mg/g XPS at%
test 1 1 8.7 6.4
test 2 2 0.2 0.4
test 3 3 0.9 2.0
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Table 6.7 AAS Vs XPS
Sample No AAS ppm XPS at%
1 0.1 0.2
2 0.2 0.4
3 0 .7 1.1
4 0 .9 2.0
5 1.2 2.4
6 2.3 2.6
7 2.7 4.0
8 4 .4 5,4
9 6 .2 5.8
10 8.7 6.4
The results for the comparison o f AAS with XPS can be seen in table 6 .6  and figui'e 
6.10. At low levels the AAS and XPS results are linear but as the concentration on 
the surface increases the amount of copper measured by XPS is not increasing at the 
same rate as the amount o f copper measured by AAS. This is likely due to the surface 
specifity o f XPS, If  the copper deposits are very thick then the amount o f copper on 
the surface will not change as much, as there is a limit using XPS the depth o f analysis. 
However this extra copper will not be lost by AAS as this measures the total 
concentration.
Comparison of X P S  Cu at% on the surface Vs AAS 
total Cu mg/g of paper
8 
6
4 -i 
2 
0
o
o
o
O X P S 1
4 6
AAS Cu mg/g paper
10
Figure 6.10 Comparison between AAS and XPS for several randomly selected samples.
Profiles that have been measured by AAS are shown in figures 6.11, 6.12 and 6.13 and 
the tabulated data is given in appendix 6 . The profiles give good correlation with the 
XPS.
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Figure 6.11 Cu concentration profile through area GP2 using AAS in ppm.
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Figure 6.13 Cu concentration profile through area GP2 using AAS in ppm, foil 2.
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6.7 Discussion
The examination revealed the presence o f large amounts o f black deposits on the 
copper foils and the paper insulation in various areas o f the CT. The black deposits 
were confirmed to contain large amounts of copper. Other elements found included, 
carbon, oxygen, sulphur and silicon. The results were as expected from previous 
studies and therefore it was accepted that that work was correct. Therefore it is 
unlikely that the samples were affected by the atmosphere, once they have been 
removed from the CT. The distribution o f the copper throughout the CT was 
comparable with CTs that had been examined in the past.
The CT had the highest level o f black deposits above and underneath the area where 
the secondaries are positioned. Generally the deposits were not on the very first layer 
examined but quite often covered the next several layers to a depth of approximately 
seven foils. It was found that the higher up the leg of PI and P2, the more sporadic 
the black deposits became and often at a greater depth to that o f the haiipin and the 
area around the secondaries. An example of the greater depth of the black deposits 
can be seen in figure 6.2. The histogram is a rough guide to the amount o f black 
deposits found on each foil during the detailed analysis o f the region.
The hairpin area also had large amounts o f black deposits however not as extensive as 
in previously examined CTs. This is the area o f the CT that has been recorded as the 
failure point in previous examinations. It is important to note that black deposits have 
always been found in this area of the CT, whether they have failed or not.
Certain areas and specifically the profile G PI were examined by XPS. The elements 
copper, oxygen, carbon, sulphur and silicon were found. Some layers o f paper had 
over 7 atomic % copper, which is the highest level, measured to date. The profile seen 
in figure 6 .6  gave a veiy good set of diffrjsion curves and confirmed the expected 
copper transport, which had been predicted from photographs 6 .6  and 6.7. In the 
photographs there is a region at the top that is very dark in colour compared to the 
rest o f the CT, the profile was talcen across this section. Another interesting point 
comes from figure 6.5, which shows the narrow scans for copper. The decreasing size
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of the satellite is accompanied by a chemical shift o f the Cu2 p3/2 peak. Both of these 
spectral changes are comparable to the decrease in intensity of the black deposit seen 
on the layers o f paper. This would be expected as copper (II) is black and there is 
less copper on the surface o f the paper as the analysis moves away fi*om the copper 
foil.
The BEE was an interesting point that gave some important information. They appear 
to be a point were the oxidation of the copper is increased. They are likely to form 
ridges in the paper windings and produce air pockets or areas where large amounts o f 
mineral oil could reside which is high in oxygen content. The effect is to create large 
amounts o f black depots behind and below this area where the paper is in contact with 
the copper foil. In areas where the paper is not in contact with the copper foil (in front 
o f the black plastic) there were no black deposits found. A schematic diagram is seen 
in figure 6.3. The diagram along with the photographs in figures 6.23 and 6.24 show 
that the black deposit originates from the copper foils.
The CT is wound by hand from the inside to the outside. To begin with there is just a 
copper central conductor core. On to this layers of paper are wound by hand at 
certain points one layer o f copper foil is inserted with a black plastic end. The foils are 
there to ensure capacitive grading o f the voltage distribution within the CT. The black 
plastic is there to end the copper foil.
Evidence is available from the stripdown that the windings are far from uniform as 
would be expected. Firstly the legs have been wound with one type o f paper and the 
hairpin with another. The legs were wound with non creped paper and the hairpin is 
wound with creped paper. The choice o f paper is determined by the contours of the 
hairpin. Secondly the paper has not been wound in the same direction at aU times. 
This was a surprise and is not lilcely to be intentional, as it would be illogical. The 
reasons for this could be associated with several factors, the majority o f which are due 
to the fact that the paper is wound by hand. The change in direction could be due to 
change in the roll o f paper being used or a change in personnel due to shift work or tea 
brealc. The rolling o f the paper is a highly skilled job and technique would be o f great 
importance. The manufacturer may have encouraged the workers to develop a
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technique that suits them best. This would also mean that there are no guarantees that 
the paper is being wound the same way up throughout the CT.
This complicates matters where trying to assess if the papers side has any effects on 
the deposition of the black marks. Previous analysis has found that there maybe an 
influence on the deposition o f the migrating copper species onto the surface of the 
paper, depending on what side o f the paper is used. have suggested that
there may be a difference in the density o f the paper from one side to another due to 
the manufactuiing process.
Experimental evidence [6 ] has shown that low levels o f oxygen or quite simply the 
levels found m air are more than adequate to start the formation of the copper based 
black deposits which then leads on to diffusion. Looking at the DGA results for the 
previously failed and the previously examined CTs and the CT examined here there 
seemed to be a common factor o f high o^qrgen and nitrogen. Previously the trend has 
been to monitor the gases associated with breakdown of the oil in particular, 
acetylene, ethylene and hydrogen have been chosen. The outstanding factor regarding 
the oxygen and nitrogen is the level of ppm and the ratio at which it is found in all 
units where black deposits have been found. The ratio of oxygen to nitrogen is similar 
to that o f air, 21% oxygen and 78% nitrogen. This gives firm evidence that the oü 
contains air. This would not be expected as the units are completely sealed. This 
would not prevent the possibility that air could have been in the oil at the time of 
manufacture. The amount of oxygen found inside the CTs ranges fr om 4000 ppm to 
1 lOOOppm. This volume is enough to cause oxidation of the copper foils which intorn 
leads to the diffusion o f copper through the insulation paper. In table 6 .8  there is a list 
of a further 10 CTs, whose DGA for oxygen and nitrogen are in the ratio of air.
It was discussed at the beginning o f this chapter that perhaps the oxygen and nitrogen 
air ratios had been created by the actual DGA method. This again could be the case, 
but there is other evidence to suggest that there maybe air in the oil.
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Table 6.8 The oxygen and nitrogen levels found in a selection of CTs chosen from their original 
DGA.
Source / Ser No 03^gen  / ppm Nitrogen / ppm %  Oxygen %  N itrogen
SUN 358859 4681 17856 20.8 79.2
SUN 358861 4744 18016 20.8 79.2
SUN 365402 5103 17620 22.5 77.5
COT 364925 8527 39899 17.6 82.4
COT 364921 8777 42331 17.2 82.8
SUN 365390 6050 23049 20.8 79.2
SUN 365380 9684 38645 20.0 80
SUN 365400 8610 32628 20.9 79.1
SUN 371692 6470 26909 19.4 80.6
SUN 371697 5984 24354 19,7 80.3
The relationship between copper migration and oxygen concentration in the CT can be 
fiirther confirmed using data taken from a paper by Duval and Crine [46]. The paper 
describes the failure o f HV current transformers in service on the Hydro-Quebec 765 
kV network. Electrical instability of the oil was related to copper content. It was 
proposed that the oil would be stabilized using metal deactivators.
What the paper did not do was to compar e the DGA and the Air concentrations in the 
oü with the copper concentrations. Six CTs were looked at A and B were faUed units, 
C and D were considered to be working properly and E and F which had electrical 
property losses. The results of the DGA and the concentrations o f copper can be seen 
in table 6.9.
Table 6.9 Summary of DGA and elemental Cu levels
E thane ppm N itrogen % Oxygen % CO 2 ppm Cu ppb
A 46 91 7 252 43
B 37 90 8 247 37
C 9 72 27 340 131
D 9 74 24 394 111
E 22 95 4 188 36
F 22 94 5 262 26
There appears to be a relationship between the amount of air in the oü and the amount 
of copper found in the oü. High levels o f air resulted in higher levels o f copper. It
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should be noted that oil that is analysed in these instances is normally removed from 
the excess tanks at the sides o f the CT.
C o p p er  ppb  in o il c o m p a red  to  % o x y g e n
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Figure 6.14
found in oil.
The relationship between the percentage oxygen and the concentration of copper
The profiles measured by XPS were again as already mentioned very successful with 
the addition o f finding the highest level o f copper on the surface to date. It was the 
comparison with the AAS that was of new interest. The use o f AAS showed that 
difiusion could be measured using a different technique and allowed the quantification 
of the copper in ppb. This comparison also allowed a rough estimate of the bulk 
copper in a piece of paper when only the XPS measurements had been carried out.
The combinations of chapters four, five and six have produced the investigative 
information for the CTs in service. The variations of results acquired have already 
been discussed. The next part o f the work was to reproduce the diflfiision in the 
laboratory to obtain useable data to produce a method of predicting the rate of 
diffusion and hence a lifetime of the CT.
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CHAPTER 7
THE SIMULATION OF COPPER DIFFUSION 
THROUGH OIL IMPREGNATED
INSULATION PAPER
7.1 Introduction
The previous chapters have described the work that identified the composition of the 
black marks on the surface o f the paper and has proved that diffusion o f copper 
compounds is talcing place through the paper layers. The black marks on the surface 
of the paper have been shown to contain copper in the cupric and the cuprous state. 
In addition the copper has been found to be combined with oxygen and in some cases 
sulphur. Copper concentration profiles have been measured through many sections of 
bushings and current transformers and have been shown to obey Picks laws of 
diffusion.
This chapter refers to the simulation o f the diffusion taking place within the CT. It 
would be useful to Icnow how long the diffusion process took to occur and the 
transport mechanism that was operating. The reaction may have taken place at a 
constant rate over 30 years or was the diffirsion sporadic during the lifetime o f the 
current transformer. To be able to predict the time that the diffirsion has been 
occurring it is necessary to calculate the diffusion coefficient. The diffusion 
coefficient could then be used to construct long term prediction curves for the life 
span of the CT.
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It has been shown that the black marks are at the^r greatest in places where over 
heating is most lilcely to occur. The black marks have been shown to be Cu^^ ions 
mainly. Areas where the temperature is likely to have remained at ambient have been 
demonstrated to have Cu^ ion transport and lower concentrations. XPS has 
demonstrated that copper is linlced to oxygen either as CuzO or CuO. It was therefore 
lilcely that oxygen was the rate determining factor when forming the, transporting 
species.
Variables that were included comprised time, temperature and oxygen concentration. 
Time is obviously an important variable when calculating the rate of diffusion and the 
diffusion coefficient. The temperature inside a CT has been shown to alter depending 
on the area studied in the CT. It was shown that in chapter 6  that there were very 
high levels of black marks next to and under the secondary windings. The secondary 
windings are susceptible to heating. A CT would normally operate at low 
temperatures between 20 and 40°C, but in extreme circumstances such as those found 
around the secondary windings temperatures as high as lOO^C can be expected. It has 
been shown in chapters 4, 5 and 6 that the copper is mainly diffusing as copper ions 
and therefore the arrival o f the oxidising species is likely to be the rate determining 
factor. Oxygen concentration was therefore chosen as a variable.
In order to malce the simulation as effective as possible other considerations were 
taken into account. The paper when inside the CT is highly compressed and can be 
visually compared to the density o f a telephone directory. It was therefore necessary 
to design a test cell that could simulate the packing o f the paper in the current 
transformer and allow free access for the mineral oil containing the oxidising species.
7.2 The Test Cell Design
To carry out the simulation a test cell was designed to reproduce the conditions 
within a current transformer. The main criteria for the design came in two sections 
those, which would actually simulate the conditions o f the current transformer, and 
that the materials used would be appropriate for the test conditions. Thus the test cell 
needed to be able to be tightened to simulate the tightly wound paper in the CT.
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There needed to be access to the test paper through which the mineral oil could flow. 
The test cell needed to be heat resistant, as did the container that it was to be placed 
in. The test cell also needed to be chemically resistant to the unknown chemical 
composition o f the mineral oil. For these reasons Teflon (Polytetrafluoroethylene) 
was chosen as the material due to its adequate temperature resistance and its high 
chemical inertness.
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Figure 7.1 Schematic of the test cell used for the simulation of copper transport through 01? 
insulation paper; consists of main housing with two plungers placed at either and screw caps at either 
end.
The test cell (figure 7.1) structure consists o f a 30 mm diameter tube into which the 
samples to be tested are placed. They are held in position by two plungers one placed 
either end o f the test samples. The samples consist of 30 mm diameter pieces of 
insulation paper placed either side of a 30 mm piece of pure copper. The plungers are 
constructed with a 10 mm hole through the centre to allow the mineral oil access to 
the samples; the 10 mm diameter corresponds to the sample size required for large 
area XPS. The plungers are then tightened using the screw top caps at either end 
giving conditions similar to that inside the CT. The design also allows easy access to 
the samples after the tests have been completed. The test cell is then placed into a 
polyethelyne container, which is then filled with mineral oil and then sealed.
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7.3 Test Cell Experimental
7.3.1 M aterials
Apart from the test cell and the container previously described and the mineral oil 
into which the cell would rest the only other materials were the copper source disc 
and the paper discs. The copper was 1 mm thick, low oxygen grade, pure copper 
sheet. The copper sheet was cut into 30 mm diameter discs to fit the test cell. The 
paper was electrical insulation grade with a thickness o f 85 pm. The cell set up was 
as previously described with one copper disc placed in the test cell with two sets of 
15 paper discs placed either side of the copper disc.
7.3.2 Variables
The variables to be tested were temperature, oxygen concentration and time a 
summary o f which is given in table 7.1. The temperature was selected over a range 
that the current transformer was lilcely to be operated. Ambient temperature (25°C) 
and 100°C being the extremes with 50®C chosen as the middle temperature. The 
temperature was controlled by placing the apparatus in ovens stabilised at the 
required temperatures.
Table 7.1 Test cell experimental variables, including time, temperature and oxygen 
concentration for the simulation of copper transport in a CT. Total number of experiments = 3 x 3 x 3  
= 27.
Time /  days T em perature / “C % Oxygen saturation
3 25 0 (Nitrogen)
12 50 21 (Air)
27 100 100 (Oxygen)
Oxygen concentration was obtained using tliree easily acquired gases, air (21% 
oxygen), oxygen (100 % oxygen) and oxygen free nitrogen (0% oxygen). These 
gases were bubbled through the mineral oil for twelve hours prior to use.
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The length of time that was chosen was based on Fickli law. Part o f the equation of
ÎFicks law includes the square root o f time and therefore test times o f 3, 12 and 27 
days were used, the intervals chosen to be roughly equal on a t^^ scale.
7.3.3 Experimental set up
The test cell set up has been previously described and was the same for each set o f 
variables tested. In summary this consisted o f a copper disc placed between two sets 
o f 15 layers of paper which were then housed in the test cell. The only additional 
experimental factor was that the copper discs were washed in acetone to remove any 
grease and then water to remove the acetone and were then dried and stored in a 
dessicator for 24 hours prior to use.
The test cells were then placed into polyethelene containers and then filled up with 
the mineral oil containing the oxygen concentration variable. The mineral oil was 
prepared by bubbling the required gas through the mineral oil for 12 hours to obtain 
maximum saturation. The test cells were then physically sealed to prevent 
intervention from the suiToundmg environment and then placed into ovens which had 
there temperature stabilized over a period of 24 hours.
7.4 Analysis of Test Samples
7.4.1 Sample preparation
On completion o f the tests the cells were removed from the ovens and in the case o f 
the tests that had talcen place at 100°C were then allowed to cool to room temperature. 
The oil was discarded and then the paper and the copper discs were then removed 
from the test cell. Each set o f discs xo.'S carefiilly separated layer by layer. Each 
layer was then separately washed in acetone for two hours and then removed to dry. 
Once dry the samples were immediately placed in a vacuum dessicator and placed 
under vacuum for 24 hours to remove any excess vapours.
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7.4.2 Analysis by XPS
The surface>of the test samples were analysed by XPS specifically looking for copper 
concentration. The side o f the disc which was analysed was always the surface facing 
towards the copper disc when housed in the test cell. Where black marks were 
present on the edges of the samples they were included in the analysis. All the sets of 
conditions were analysed to show the difference between time, temperature and 
oxygen concentrations.
The XPS conditions used were the same as have been used in the previous chapters 
(4, 5 and 6). In summary the samples were analysed at a TOA of 75 wrt the plane 
and the narrow scans obtained for the quantification were copper, carbon and oxygen. 
Prior to analysis the samples were placed into the prep chamber of the spectrometer 
and a test vacuum o f 10”® mbar was acquired as the minimum test level.
In some cases where a black mark was found to be present on the surface o f the paper 
usually at the edge and some times covering the whole surface o f the the first test 
paper the black marks were analysed using small area XPS and for this the Sigma 
Probe was used.
7.5 Results
7.5.1 Observations
Some important observations were made during the course o f the experimental work 
when simulating the transport o f copper though oil impregnated insulating paper. 
The two main observations included the change in colour o f the oil in some cases and 
the changes in the actual test pieces.
The oil at the start o f the experiment was a pale yellow in appearance, but the effects 
o f heating were evident. At low temperatures, 25°C the oil remained unchanged in 
colour as would be expected, as this was the same temperature at which it was stored. 
At 50“C and after a period of 7 days the oil could be seen to have become a slightly
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darker yellow, at shorter times no significant difference could be seen. The samples 
tested at 100®C were affected the most, resulting in the oil becoming dark brown after 
27 days and even after only 12 days the oil was reasonably dark brown. After 3 days 
discolouration was also evident but not as extreme.
Original copper disc
84 pm Kraft paper disc
Copper foil ftom a CT
Paper layer from CT connected 
to above copper foil
Copper disc from 
simulation in air 
at 100"C for 27 
days
)
Scries of paper layers 
from simulation 
attached to above 
copper disc (layer 1 at 
tlie top)
Figure 7.2 Series of paper discs showing the black marks reproduced in the test cell. Included
is a sample from a bushing demonstrating the production of black marks in an operating system.
Another observation made at 100°C was the discolouration o f the copper test disc as 
can be seen in figure 7.2. Prior to testing the copper discs were clean bright and 
lustrous in appearance but after being placed in mineral oil at 100°C the surface had 
become tarnished to a dull brown and in some cases black areas were apparent. The
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pattern produced on the surface of the copper disc was often reproduced onto the 
surface of the paper that it was facing.
The most interesting observation was the production of a black line around the edge 
of the test sample (figure 7.3). The black mark was not at the very edge but was 
indented by about half a millimetre and was about 2 mm in width. The black mark 
would be seen on the copper test disc and the surface of the first layer of paper. The 
black marks at the longer test times could be seen to have migrated through the paper 
onto the layers contacting it up to 5 layers deep have been observed. The black marks 
were only produced at 100°C after 12 and 27 days. When black marks were present 
on the test discs analysis o f the specific area was carried out using the spacially 
enhanced resolution of the sigma probe.
Figure 7.3 Series of discs taken from cell experimait at 100”C in oxygen saturated oil over a 
period of 27 days.
7.5.2 Discussion
The observations made were that the oil became discoloured when heated, the copper 
became tarnished when heated and black marks were transferred fi"om the tarnished 
copper surface to the surface of the paper. A black line was seen around the edge of 
the discs when heated to 100°C for 12 and 27 days.
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The change in colour of the oil due to heating will have been due to a change in the 
chemical composition. The oil is made up of several different types o f hydrocarbons 
including alkanes, aromatics and naphthalenes. During heating the more volatile 
components can be broken down and in simple terms the oil is degrading. The rate of 
diffusion increased with temperature. Although the two processes are unlilcely to be 
linlced it is clear that both are temperature depencWt as is the depolymerisation of the 
paper.
The tarnishing of the surface o f the copper disc at high temperatuie is due to the 
accelerating rate o f formation of the oxide layer. The interesting observation in this 
case is the transfer o f the copper from the surface o f the copper disc to the first paper 
layer. This confirms that the copper found on the surface of the paper test disc had 
originated from the copper disc. The fact that the copper has been mirrored on to the 
surface of the paper presents the fact that the oxide layer is not fixed but mobile.
In the current transformers and bushings studied black marks have been found in 
many areas of the insulation. It is thought that these black marks have originated 
from areas of higher temperatures, such as under the secondary windings in the CT 
and at the edges of copper foils where the heat stress would be greatest. Thus the 
reproduction o f these observations in the test cell had not been forecast as the heating 
would be uniform and the time would be short compared to the life span of a CT. 
Distinct black marks were found inside the test cells that had been tested at 100®C for 
12 and 27 days. The black mark consisted of a ring about 2 mm thick positioned 
about V2 a mm from the edge o f the test disc. This in itself is difficult to explain as 
why does the black mark not go directly up to the edge and why does it not cover the 
whole surface o f the test disc. The black line similar to the CTs imder study had a 
higher concentration o f copper, compared to the areas that were unchanged in 
appearance. This does not confirm that the black marks were completely copper 
oxide but it does show that where black marks are present copper diffusion had 
increased.
There are two theories that have been presented as to why the black ring has been 
formed in the test cell. The fiist is that this could be a point where there is easy 
access down the sides o f the cell to the area containing the black mark for the oxygen
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and air saturated mineral oil. This would result in a higher rate of ion formation and 
therefore increase the rate of diffusion. The route of easy access of the mineral oil is 
displayed in figure 7.4. The test cell was designed to allow easy access down the 
centre of the test cell where there is a 10 mm diameter hole through which the oil can 
travel. However this route is not as accessible as there were several layers of paper 
to navigate. It should be noted that the black line does not sit against the side of the 
test disc. If  the phenomenonv'^^x^ solely as the result o f the easy access of the oxygen 
it would be expected that the black marks would be directly at the edge.
Easy oxygen 
access
Diffusion through paper
Load
Load
F igure 7.4 Enlarged area from the test cell displaying the easy access of oxygen and the load 
applied from the plungers within the cell.
The second theory also demonstrated in figure 7.4 is the effect o f load on the test 
sample. The intense pressure applied by the plungers in the test cell could result in 
the formation of the black marks. The problem with the theory is that the applied 
load would be uniform across the surface o f the plunger but the black mark is not. 
Temperature is uniform through out the cell so this can be ruled out. The important 
factor is that where the black marks are created the higher the level of copper that is 
measured. This would mean that the dark deposit is not solely copper oxide but is 
combined with products from the oil. Clearly in these circumstances the production 
of the diffusing species is increased.
The most likely explanation is that the black marks are created due to a combination 
of the previously two described theories. The black mark is created from a 
combination of the load and the readily available oxygen. This explains why the 
black mark is only seen on one side as this is the side with the easy oxygen access, 
but it does not explain why the black marks are not directly on the edge of the test
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disc. The answer could be due to the cell design and the distribution of the load. 
Everything was designed to produce a snug fit. The main cylinder was 30 mm 
diameter as were the plungers the samples and the copper discs. If  however the paper 
discs were not cut accurately and were for example 29.9 mm then the load at the 
edges could possibly be siffected as seen in figure 7.5. The result would be an area 
with easy oxygen access and applies load just off the edge of the sample.
Load
Figure 7.5 Schematic to show the formation of the black ring in the test cell due to badly fitting 
discs, easy access for oxygen and the applied load.
7.5.3 XPS results
The three variables selected, time, temperature and percentage oxygen concentration 
gave 27 combinations that produced a large amount o f useful information. Time was 
clearly a major variable when assessing the rate of diffusion and the results 
demonstrated that the process was time dependant. Temperature was always likely to 
have a major affect on the rate o f production o f the diffusing species and thus the rate 
o f diffusion. It will be seen that temperature was a major factor affecting the rate of 
diffusion. It was thought that the copper was being transported as an oxidised species 
and therefore the arrival o f oxygen at the interface could have a bearing on the rate of 
diffusion. The results will show there was little difference between oil that had been 
saturated in air (21%) and oxygen (100%). When placed in an oxygen free 
environment (saturated in nitrogen) however the rate was considerably reduced. The 
effect o f the three variables on the rate of diffusion will form the basis o f this 
discussion. For the purpose o f this discussion the results have been plotted as a series
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of graphs as reference and the tabulated data can be found in appendix 6 . The graphs 
have been collected at the end o f this section to allow easy comparison.
The first variable to be discussed was the effect of temperature on the rate of 
diffusion o f the copper species (graphs 7.1 to 7.6). The effect of temperature clearly 
increases the rate of formation o f the oxide layer and the rate o f diffusion o f the 
copper species. At this point it is important to note that there is little difference 
between the results for the two sets that were tested using 2 1 % oxygen and 100% 
oxygen. At 100°C the rate o f diffusion was the fastest with a concentration o f 1.94 
at% found on the first surface o f paper after 27 days compared to only 0.6 at% at 
25°C. The distance moved through the paper also increased with temperature 
moving through 6  layers at lOO^C compared with only 2 layers at 25°C after 27 days. 
An important point is that at ambient (25®C) temperature there is very little activity. 
There is a very slow rate of formation o f the diffusing species and there is a very low 
diffusion rate with only copper being detected on the surface of the third layer in trace 
amounts after 27 days. There is however a lot less difference between the tests that 
were carried out at 50 and 100°C. Overall the effect of temperature can be seen to 
increase the rate of diffusion.
The second variable to be discussed is the effect of time on the rate o f diffusion 
(graphs 7.7 to 7.12). Time as would be expected clearly has an influence on the 
amount of diffusion taking place. The longer the test time the more copper has been 
released at the surface o f the copper disc on to the first layer of the paper. The longer 
that the experiment has been allowed to run the further the copper species has been 
able to diffuse thiough the media. Typically after 27 days the copper was detectable 
through a greater number o f layers compared to tests only run over 3 days. The time 
factor was very important as it would allow the quantification o f the process, the 
production o f the diffusion coefficient and hence the ability to calculate long term 
prediction curves. The amount o f copper ions measured on the first layer of paper 
was found to increase with temperature (graphs 7.13 to 7.18). The general trend of 
the graphs shows that the starting concentration, Ci is increasing with time but is 
reaching a maximum.
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The effects o f oxygen and air can be compared and can be seen to have relatively no 
difference between them (graphs 7.19 to 7.30). Generally the results seem to match 
up very well, but in most cases after 3 layers the analysis goes into trace analysis and 
is possibly below the detection limits o f the spectrometer. At the very low copper 
concentrations and hence very small copper peaks on the spectrum (accompanied by 
high levels of background noise) quantification was difficult. A sample set o f spectra 
are given in figures 7.6 to 7.8. The spectra are fi-om the test cell carried out at 100°C 
for 27 days using oil saturated with air. The three spectra are for layer 1, layer 5 and 
a full set from layer 1 to layer 6 . The spectrum for layer 1 has a distinct Cu peak that 
was easily quantified. Layer 5 had a less distinct pealc but it was still possible to 
quantify the amount of copper present. The method to distinguish between these 
copper concentrations was to select two bmding energies on either side o f the peak 
and to then reproduce these binding energies to compaie the pealc areas. The longer 
the test was carried out and the higher the temperature the better the correlation.
In a sense the tests have been carried out in duplicate assuming there is no difference 
in formation o f species or diffusion in oil saturated with air or oxygen. At 100°C 
after 27 days the quantified results can be relied on up to the 3'^ or 4^  ^layers. At 50°C 
up to the 3^^^ layer and at 25 only the 2"  ^ layer. The remaining quantifications were 
either below the accepted detection limit or are prone to inaccuracies when selecting 
the area to be quantified. On a very noisy spectrum this is particularly difficult.
After 12 days the detection limits are ever decreasing with only reliable results to the 
3”^^  layer at 100®C, 2”^  layer at 50°C and the first layer at 25®C. After 3 days only a 
significant amount of copper could be detected on the first layer of the sample tested 
at lOO^C and 50°C the rest o f the results showed that copper was present in trace 
amounts although not reliably quantifiable.
The diffusion profiles are on the whole very informative and have given a good 
insight into the effects o f temperature and oxygen concentrations on the rate of 
diffusion. Clearly the amount of oxygen 21 to 100% has little effect, on the rate of 
formation of the diffusing species, but it may be the case that there is a threshold 
value at which the oxygen concentration becomes a rate-determining factor.
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P rofile  L ayer 1 c e l l  ex p er im en t in air a t 100  C
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Figure 7.6 Cu narrow scan spectrum for Cu for layer 1 from test cell.
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Figure 7.7 Cu narrow scan spectrum for Cu for layer 5 from test cell.
Cu narrow  s c a n s  fo r  c o p p e r  th rou gh  c e ll, p ap er la y e r s  1 
to  6 , a fter  27  d a y s  a t 100 C in air.
% 3000
o 2000
525 530 535 540 545 550 555 560
K E e V
• Layer 1
■ Layer 2
■ Layer 3
• Layer 4
• Layer 5
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Figure 7.8 Cu narrow scan spectrum for Cu for layer 1 to 6 from test cell.
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The nitrogen saturated oil tests were less conclusive and are therefore not reported 
here but are simply discussed. Generally at low temperatures and low times only 
trace amounts of copper or none at all were found on the layers o f paper (figure 7.9), 
but at higher temperatures and times i.e. 27 days at 100°C, more copper was 
sometimes found, but not enough to actually produce any profiles (figure 7.10). It 
appeared that the lack of oxygen was having an effect on the formation o f the 
diffusing species. The likelihood was that the amount of oxygen required to start the 
reaction was very low, less than 1%. It could therefore be expected that the not all 
the oxygen was removed through bubbling nitrogen through the system. Otherwise it 
is possible that the cell set up may have suffered air ingress by diffusion through the 
test cell container. Also the test cell may have expanded to allow air to ingress.
C op p er  narrrow  s c a n , c e ll  layer  1 in n itrogen  after  12  
d a y s  a t 100 0
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Figure 7.9 Cu narrow scan of cell layer 1, nitrogen 12 days at 100 C.
Cu narrow  s c a n  n itrogen  27  d a y s  at 100 C layer  1
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Figure 7.10 Cu narrow scan of cell layer 1, nitrogen 27 days at 100 C.
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The samples analysed above were taken from a 10 mm diameter portion selected 
from the centre o f the disc. In most cases the paper sample did not change in 
appearance but at 100®C after 12 and 27 days the centre of the test paper had become 
slightly black. Where black marks were present either as a random covering across 
the surface of the paper or where there black rings on the test disc the copper was 
found in the cupric state (Cu II) but where there were no black present the copper was 
found in the cuprous state (Cu I).
The black marks seen on the edges of the test discs were o f particular interest and 
thus were analysed by small aiea XPS. The resolution allowed the direct analysis of 
the black mark. Black marks were only seen in the samples tested at 100®C for 12 and 
27 days the latter being the more significant. Hence the 100°C, 27 day samples with 
black marks were specifically analysed (graphs 7.31 to 7.33). The results showed 
that the black marks contained a considerable larger amount of copper than the non 
black areas. In the case o f the sample tested in oxygen as much as 4 % copper was 
measured on the surface.
7,6 XPS Reswlts G raphs
The graphs displayed in this section show the concentration of copper (at%) 
measured by XPS, on the surface o f the individual paper layers from the cell 
experiment. It was useful to compare the effects of time and temperature on the rate 
of diffusion. To enable easy comparison the graphs have been placed together in the 
following section.
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7.6.1 The effect of temperature on the rate of diffusion of copper
T h e  e f f e c t  o f  te m p e r a tu r e  o n  c o p p e r  d if fu s io n  o v e r  27  
d a y s  in  air.
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S  1.50 53  1.00 Ü 0.50
0.00
Layer number
♦  %Cu air 100 C 
■ % Cu air 50 C 
A % Cu air 25 C
Graph 7.1 The effect o f temperature on copper diffusion in air after 27 days.
T he e ffe c t  o f  tem p era tu re  o n  th e  rate o f  d iffu sio n  o f  
co p p e r  in air after 12 d a y s
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Graph 7.2 The effect o f temperature on copper diffusion in air after 12 days.
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T h e  e f f e c t  o f  te m p e r a tu r e  o n  th e  rate o f  c o p p e r  
d if fu s io n  a fte r  3 d a y s  in  a ir
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■ % Cu air 50 C 
A % Cu air 25 C
0.5 1 1.5
Layer number
2.5
Graph 7.3 The effect of temperature on copper diffusion in air after 3 days.
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T h e  e f f e c t  o f  te m p e r a tu r e  o n  c o p p e r  d if fu s io n  o v e r  27  
d a y s  in  o x y g e n
2.50 1
2.00 ♦
E  1.50 ■a3  1.00Ü A0.50 ♦
0.00 -----------------1 — i — i — • — *----------------
Layer number
♦  % Cu oxygen 100 C 
■ % Cu oxygen 50 c 
A % Cu oxygen amb
Graph 7.4 The effect o f temperature on copper diffusion in oxygen after 27 days.
T h e  e f f e c t  o f  te m p e r a tu r e  o n  th e  rate o f  c o p p e r  
d if fu s io n  a fte r  12  d a y s  in  o x y g e n
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Graph 7.5 The effect o f temperature on copper diffusion in oxygen after 12 days.
T he e ffe c t  o f  tem p era tu re  o n  co p p e r  d iffu sion  after 3 d a y s  
in o x y g e n
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Graph 7.6 The effect of temperature on copper diffusion in oxygen after 3 days.
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7.6.2 The effect of time on the concentration of copper found on the discs.
T h e  e f f e c t  o f  t im e  o n  t h e  ra te  o f  c o p p e r  d if fu s io n  in  
a ir  a t  1 0 0  C
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♦  % Cu air 27 days 
■ % Cu air 12 days 
A % Cu air 3 days
Graph 7.7 The effect o f time in air at 100°C.
T h e  e f f e c t  o f  t im e  o n  t h e  ra te  o f  c o p p e r  d if fu s io n  in  
a ir  a t  5 0  C
1.50
gr 1.003
o  0.50 
0.00
2 3 4
Layer number
♦  % Cu air 27 days 
■ % Cu air 12 days 
A % Cu air 3 days
Graph 7.8 The effect o f time in air at 50^C.
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Graph 7.9 The effect of time in air at 25°C.
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■ % Cu air 12 days 
A % Cu air 3 days
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T h e  e f f e c t  o f  t im e  o n  t h e  ra te  o f  c o p p e r  d if fu s io n  in  
o x y g e n  a t 1 0 0  C
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♦  % Cu oxygen 27 days 
■ % Cu oxygen 12 days 
A % Cu oxygen 3 days
Graph 7.10 The effect o f time in oxygen at 100 C.
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Graph 7.11 The effect o f time in oxygen at 50°C.
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Graph 7.12 The effect of time in oxygen at 25 C.
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7.6.3 Comparison between air and oxygen with constant time. The efifect of 
temperature on the level of copper on the first layer.
T h e  e f f e c t  o f  te m p e r a tu r e  o n  th e  c o n c e n tr a t io n  o f  
c o p p e r  fo u n d  o n  t h e  f ir s t  la y e r  a fter  2 7  d a y s .
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G raph 7.13 The % Copper found on first layer after 27 days in air and oxygen.
T h e  e f f e c t  o f  te m p e r a tu r e  o n  t h e  c o n c e n tr a t io n  o f  
c o p p e r  fo u n d  o n  t h e  f ir s t  la y e r  o f  p a p e r  a fte r  1 2  d a y s
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G raph 7.14 The % Copper found on first layer after 12 days in air and oxygen.
T h e  e f f e c t  o f  te m p e r a tu r e  o n  th e  c o n c e n tr a t io n  o f  
c o p p e r  fo u n d  o n  th e  f ir s t  la y e r  o f  p a p e r  a fte r  3 d a y s
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Graph 7.15 The % Copper found on first layer after 3 days in air and oxygen.
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7.6.4 Comparison between air and oxygen constant temperature the effect of 
time on the level of copper on the first layer
T h e  e f f e c t  o f  t im e  o n  t h e  c o n c e n tr a t io n  o f  c o p p e r  
fo u n d  o n  t h e  f ir s t  la y e r  o f  p a p e r  a t 1 0 0  C
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Graph 7.16 The % Copper found on first layer at lOO^C in air and oxygen.
T h e  e f f e c t  o f  t im e  o n  th e  c o n c e n tr a t io n  o f  c o p p e r  
fo u n d  o n  t h e  f ir s t  la y e r  o f  p a p e r  a t  5 0  C
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Graph 7.17 The % Copper found on first layer at 50^C in air and oxygen.
T he e ffe c t  o f  t im e  o n  th e  co n cen tra tio n  o f  c o p p er  fo u n d  
o n  th e  first layer o f  paper a t 25  C
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Graph 7.6.18 The % Copper found on first layer at 25°C in air and oxygen.
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7.6.5 Comparison between oxygen and air after 27 days.
C o m p a r is o n  b e tw e e n  o x y g e n  a n d  a ir  a fter  27  d a y s  a t
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Graph 7.19 Comparison between oxygen and air after 27 days at 100”C.
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Graph 7.20 Comparison between oxygen and air after 27 days at 50°C.
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Graph 7.21 Comparison between oxygen and air after 27 days at 25“C.
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O v era ll c o m p a r is o n  b e tw e e n  o x y g e n  a n d  a ir  a fte r  27  
d a y s  a t  a ll t e s t e d  te m p e r a tu r e s .
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G raph 7.22 Comparison between oxygen and air after 27 days at all tested temperatures.
7.6.6 Comparison between oxygen and air after 12 days.
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G raph 7.23 Comparison between oxygen and air after 12 days at 100°C.
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Graph 7.24 Comparison between oxygen and air after 12 days at 50°C.
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C o m p a r is o n  b e tw e e n  o x y g e n  a n d  a ir  a fte r  12  d a y s  a t
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G raph 7.25 Comparison between oxygen and air after 12 days at 25°C.
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G raph 7.26 Comparison between oxygen and air after 12 days at all tested temperatures.
7.6.7 Comparison between oxygen and air after 12 days.
C o m p a r is o n  b e tw e e n  o x y g e n  a n d  a ir  a fter  3 d a y s  a t  
1 0 0  C
0.4
0.3
0.2
0.1
0
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■ % Cu air 100 C
1 2 
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Graph 7.27 Comparison between oxygen and air after 3 days at 100®C.
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C o m p a r is o n  b e tw e e n  o x y g e n  a n d  a ir  a fte r  3 d a y s  a t
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G raph 7.28 Comparison between oxygen and air after 3 days at 50°C.
C o m p a r is o n  b e tw e e n  o x y g e n  a n d  a ir  a fte r  3 d a y s  a t
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G raph 7.29 Comparison between oxygen and air after 3 days at 25°C.
C o m p a r is o n  b e tw e e n  o x y g e n  a n d  a ir  a fter  3 d a y s  
u s in g  a ll t e s t e d  te m p e r a tu r e s
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Graph 7.30 Comparison between oxygen and air after 3 days at all tested temperatures.
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Sm a ll a rea  s ig m a  p rob e  X PS a n a ly s is  o f  e d g e  w ith b lack  
mark. D is c s  from  te s t  c e ll in o x y g e n  a t 100 C for 27  d a y s .
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G raph 7.31 Analysis of black ring using small area XPS, oxygen, 100°C, 27days.
Sm a ll area  s ig m a  p rob e  X PS a n a ly s is  o f  e d g e  w ith b lack  
mark. D is c s  from  te s t  c e ll in air a t 100 C for 27  d a y s .
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G raph 7.32 Analysis of black ring using small area XPS, air, 100°C, 27days.
Sm all area  s ig m a  p rob e X PS a n a ly s is  o f  e d g e  w ith  b lack  
mark. C om p arison  b e tw een  o x y g e n  and  air a t 100 0  for  
27  d a y s
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Graph 7.33 Analysis of black ring using small area XPS, 100°C, 27days.
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7.7 The Diffusion Model
7.7.1 Introduction
The simulation of the transport of copper through oil impregnated insulation paper 
has shown that the process is reproducible in the laboratory. Details of the difïusion 
mathematics are given by Crank J. [45]. The next stage was to calculate the difïusion 
coefficients for the diffusion process. The variables of time and temperature had 
been chosen to malce it possible to construct a series o f diffusion curves. 
Extrapolation o f this data allowed the diffusion co-efficients to be calculated and the 
activation energies o f the diffusion mechanism to be acquired. The data then 
used to extend the diffusion process for a period o f up to 30 years the approximate 
life span o f a CT.
It has been shown by XPS that there is diffusion in the CT in the form which would 
be expected for diffiision from a souice of copper ions of a given constant 
concentration that is to say there follow Pick's second law of diffusion.
ec/dt = Dd^c/dx^.................................................... (7.1)
The second law combines the first with a continuity equation and the assumption that 
D is constant and states that the rate o f change of concentration with time t, is 
proportional to the change in concentration gradient with distance in one dimension.
This chapter will demonstrate that the diffusion is taking place with a fixed source of 
copper ions and can be thought o f as diffusion through a planar sheet.
7.7.2 The diffusion coefficient
The diffusion coefficient in Pick’s first law o f diffusion is the coefficient of 
proportionality between molecular flux and the concentration gradient as in thermal
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dififiisivity. The approximate distance x moved by a diffusing species with time is 
given by
x= (D t) ''^ ....................................................... (7.2)
7.7.3 Activation energy
The activation energy is the excess energy over that of the ground state that an atomic 
system must acquire to permit a particular process such as diffusion. A high 
activation energy indicates that the diffusion is relatively difficult and that there is a 
strong dependence on temperature on the rate constant. A low activation energy 
means that the diffusion is relatively easy and that there is a low temperature 
dependence on the rate constant.
Increase in temperature will have the effect o f increasing the rate of reaction by 
increasing the rate constant. If  the process o f copper diffusion is likely to be 
thermally activated the Arrenhius equation can be applied.
D = Do exp(-Ea/kT)................................................... (7.3)
Where D is the diffusion coefficient at a temperature T, Do is the pre-exponential 
term, E& is the activation energy, k is Boltzmanns constant, T is the temperature in 
Kelvin.
The equation can be modified to give
InD -  InD o-E a/kT ................................................(7.4)
A plot of In D against 1/T will give a straight line with a gradient -Ea/lc and intercept 
the y-axis at In Dq.
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7.7.4 Solution of Fick’s second law with a constant diffusion coefficient
A solution of the diffusion equation can be obtained when the diffusion coefficient is 
constant. For the system in use, diffusion at an early stage, i.e. generally for small 
times the solution is in the form of error functions. For a plane source, Ficl& second 
law can be solved to give.
C = A/t^^ exp(-xV4Dt)...............................................(7.5)
where A is an arbitrary constant and C is the excess concentration of the diffusing 
element.
The equation is symmetrical with respect to x==0, tends to zero as x approaches 
infinity positively or negatively for t>0 , and for t= 0  it vanishes except at x=0 , where 
it becomes infinite. Notice that C will vary with time at any point, x, in the diffusing 
medium. This is the characteristic of non-steady state diffusion.
7.7.5 Diffusion of copper ions through the paper m atrix and the m ineral oil
The current transformer, as previously described is made up of a series o f copper foils 
used for capacitance grading separated by approximately 30 layers of electrically 
graded insulation paper. Due to the construction o f the CT the diffusion can be 
explained as plane sheet diffusion, which can be described as one dimensional 
diffusion in a medium bound within two parallel planes.
7,7,6 Non-steady state diffusion
Since the copper concentration on a given layer o f paper was found to vary with time 
we need a complete solution including the time variable. If  this diffusion ujsreiaken 
to be the diffusion of copper into a solid piece o f paper independent of orientation 
then the solution to Tick's second law would be.
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(Q -C x )/(C ,-C o ) = erf(x/2(Dt)’“) ................................... (7.6)
where
Cs is the surface concentration o f copper diffusing into the surface,
Co is the initial uniform concentration of copper in the paper, taken to be zero,
Cx is the concentration of copper at distance x from surface at time t,
X is the distance from surface,
D is the diffusion coefficient,
t is time.
In the case where the region -1 < x < 1 is at a uniform concentration Cq initially, and 
the surfaces are kept constant at Ci is [Cranlc (eq 4.19)]
(C - Co)/ (Cl - Co) = S nM) (-1)“ erfc (2n+l)(l-x)/2(Dt)‘“ )
+ (-1)” erfc.(2n+l)(l+x)/2(Dt)“ ) ..................(7.7)
and when Cq=0 and for short times and n = 0 this simplifies to
C = Ci[erfc (l-x)/2(Dt)'"] + Ci[erfc (I+x)/2(Dt)'®]..........................(7.8)
7.8 Calculation of the Diffusion Coefficient.
The diffusion coefficient is the most important parameter o f all diffiision equations 
and can be used to calculate the activation energy of the reaction. It also allows the 
rate of diffusion to be calculated and hence the production of long term prediction 
curves. The data collected using the simulated cell in the laboratory included time, 
temperature and change in concentration with distance. This meant that all the 
parameters included in the diffiision equation were available apart from the diffiision 
coefficient and the starting concentration, Ci.
T & l l&fta
The data used to calculate the diffusion coefficient were the data collected through 
the cell experiment. The results confirmed that there was very little difference in the
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rate of diffusion between the oxygen and air saturated mhieral oils. The correlation 
was such that the results could be thought of as having been completed in duplicate. 
For these reasons the extrapolation of the prediction curves, and consequent 
calculations o f the diffusion coefficients and the activation energies could be carried 
out using the mean of the two sets o f data (tables 7.2 to 7.4).
Table 12 Mean results at 100 C
Layer num ber 3 days 12 days 27 days
1 0,33 0.86 1.95
2 0.08 0.30 0.56
3 0.10 0.18
4 0.03 0.08
5 0.06
6 0.05
Table 7.3 Mean results at 50°C
L ayer num ber 3 days 12 days 27 days
1 0.19 0.48 1.42
2 0.18 0.21
3 0.05 0.10
4 0.02 0.09
5 0.07
Table 7.4 Mean results at 25”C
L ayer num ber 3 days 12 days 27 days
1 0.07 0.23 0.70
2 0.04 0.11
3 0.05
4 0.03
7.8.2 Method
To enable the data to be extrapolated to cover the lifetime o f the CT it was first 
necessary to calculate the diffusion coefficients for the three temperatures that the 
experiments had been carried out at. Firstly the data was applied to the planar sheet 
equation given in equation 7.8. The only unlaiown in this case was the diffusion 
coefficient. The estimation was carried out using the ms spread sheet. Excel. As a 
starting point an educated estimate (based on other diffusion coefficients similar to
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the mobile species of the copper compound) o f the diffusion coefficient was made. 
An estimate o f the starting concentration was also made. The first layer was actually 
facing a disc of pure copper but it is lilcely that there would only be a few active sites 
available and therefore only a small amount of the surface would initially be available 
for the creation o f the mobile species. The common amount of copper found on the 
first layer of paper was approximately 4% and this was therefore chosen as the value 
for Cl. The diffusion coefficients and starting concentrations at the surface were then 
altered on the spread sheet by trial and error until the diffusion curves were correlated 
with the mean data. Once the curves fitted the data the diffusion coefficients would 
have been calculated. The method was carried out for the three temperatures that the 
experiments had been carried out.
However it became clear that a good correlation could not be obtained with a single 
value for Ci and D. For example graphs 7.34 and 7.35 show the best fits obtained for 
the iteration. The fit appear s good on the scale o f graph 7.34 but the enlarged tail 
region o f graph 7.35 shows that the diffusion curve truncates too rapidly and does not 
pass through the tail.
It appeared that there were two diffusion processes operating. The first was for the 
steep data at the beginning of the curve and the other for the shallow data at the tail o f 
the curve and hence the equation was modified to include two error function terms. 
Each term was then fitted to the data separately. The first process used a estimated 
Di o f 3.5x10"^ and a Ci o f 4 at% and the second had values o f D2, 3.0x10"^ and C2 o f 
0.3 at%. The graphs for these fits are given at the end of this chapter in section 7.11 
(graphs 7.34 to 7.49).
The effect o f changing the diffusion coefficient and the starting concentration were 
quite different. Changing the diffusion coefficient with the starting concentration 
fixed caused the graph line to move from side to between the starting concentration 
and the final concentration. Changing the starting concentration with a fixed 
diffusion coefficient moved the graph line up and down. The combination of the two 
gave movement in 4 directions and enabled very good fits to be produced for both 
processes. These data are given in table 7.5. Once the diffusion coefficients for the
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two processes and three temperatures had been calculated the final part of the process 
was to combine the two diffusion terms by addition as shown in equation 7.9.
C = C,[etfc (l+x)/2(Dit)‘“ ] + C,[erfc (I-x)/2(D,t)“ ]
+ C2[erfc (l+x)/2 (D2t)‘'2] + C2[erfc(l-x)/2 (D2t)‘"], .(7.9)
Thereafter the values given in table 7.5 were then needed to produce a good fit to the 
combined process. The data used in the predictive model are given in table 7.6
7.8.3 The diffiislosi coefficients
Table 7.5 Diffiision coefficients for the two separate diffiision processes Cu (II) and Cu (I).
Tem perature Process 1 
S tarting  Cu at%
Process 1 Cu (II) 
D layeiVs'*
Process 2 
S tarting Cu a t%
Process 2 Cu (I) 
D layers^s"^
25 4.0 1.20E-07 0.2 1.80E-06
50 4.5 2.20E-07 0.3 2.50E-06
100 4.5 3.50E-07 0.35 3.50E-06
Table 7.6 Diffusion coefficients for the two combined diffiision processes Cu (II) and Cu (I).
Tem perature Process 1 
S tarting  Cu at%
Process 1 Cu (II) 
D iayers^s"*
Process 2 
Starting Cu at%
Process 2 Cu (I) 
D layers^s'*
25 3.5 l.lOE-07 0.2 1.80E-06
50 4.0 2.00E-07 0.2 2.50E-06
100 4.0 3.50E-07 0.3 3.50E-06
7.9 A Physical Interpretation of the Two Processes
The experimental data have shown that there are two processes in operation. This 
was in keeping with the previously solid information from the spectra that the first 
few layers had the Cu^^ ion satellite whereas the latter layers did not. Thus it appears 
that the first process selected to the diffiision o f Cu^^ ions and the second for the 
diffiision of Cu^ ions.
197
Chapter 7 The simulation of copper diffusion through oil impregnated insulation paper
The diffusion coefficients for the two reactions have shown tliat the Cu^ ion diffusion 
is occurring much faster than the Cu '^  ^ ion diffusion by as much as a factor of 10 . 
The activation energy o f the process is examined in the next section.
7.10 Calculation of the activation energy
The temperature dependence can be introduced via the Arrenhius equation. The 
diffusion coefficients were then used to calculate the activation energies from the 
data above for each separate process. The data used in the calculationsm^^-taken from 
graphs 7.50 and can be seen in table 7.7.
Table 7.7 Data for the two combined diffusion processes used for the activation energy calculation 
plots.
Tem perature “C T em perature K 1/T In D Cu++ In D Cu+
25 298 0.00336 -15.94 -13.23
50 323 0.00310 -15.33 -12.90
100 373 0.00268 -14.87 -12.56
Cu (II) y = - 1681.4 X - 10.319............................................. (7.10)
Cu (I) y = - 969.32 x - 9.946.............................................. (7.11)
Activation energy Cu (II)
.••-E.=-1681.4 X 1.38x 10"^^ x 6 .0 2 x  10 1000 13.98 kJ mol -1
Activation energy Cu(I)
.\-E ,=  - 969.32 X 1.38 x 10"^^ x 6.02 x 1 0 ^ /  1000 8.06 Id mol-1
The activation energies for the two processes Cu (II) and Cu (I) diffiision were 13.98 
kJ moT^ and 8.06 Id moF^ respectively. Clearly diffusion under process 1 requires 
nearly twice as much activation as that under process 2. This is consistent with 
process 1 being diffusion o f Cu (II) ions and process 2 the diffusion Cu (I) ions. 
This, together with the analytical data was talcen to confirm the chemical model for 
the separate diffusion of the ions.
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The ultimate aim would be to expand the diffusion coefficient further. In these 
equations it is expressed in terms o f the number of paper layers. Introduction of 
paper thickness, fractional open area and fibre tortuosity will be required since the 
structure of the paper will dictate the path o f the migrating species. This however is 
unnecessary at the present stage where the data is tested using layer number to 
indicate the distance travelled by the copper.
7,11 Construction of long term  prediction curves
Once the diffusion coefficients had been calculated it was possible to extend the data 
to plot the diffusion curves for the life span of the CT. This was a simple task and 
involved adding the diffusion coefficients into the equation with only the variable of 
time to be altered.
The values of Co and D obtained from the fits o f the laboratoiy data enable diffusion 
curves to be drawn for a range o f exposure times up to 30 years. Representative sets 
are shown in graphs 7.51 to 7.53 for a stack o f 30 layers between two copper braids at 
a temperature of 100, 50 and 25°C respectively. The curves are shown for an 
exposure time of 1 day to 30 years thus enabling the bridge to be made between 
exposure time in the laboratoiy and the typical life o f the current transformers. 
Where for this case, x indicates the layer number, C% is the concentration at the layer 
X and Co is the concentrations at the source, in this case the copper braid. It is 
important to note that these curves assume that the copper diffusing species is freely 
available at the copper surface.
The purpose of the long term prediction curves was to be able to estimate the length 
o f time that diffusion would take to reach the distribution found inside a CT. It will 
be demonstrated m the next chapter that this is not as simple as would first be 
expected. However it can be seen that after 30 years at 100”C the copper would be 
expected to have reached a level o f 5.5 at% across all the paper layers in that section.
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7.12 Diffusion coefficient calculation graphs
M ean d ata  (100 C) fitted to  p r o c e s s  1 (Cu II)
L a y e r  n u m b e r
-1 day  
- 3  d ay s  
-1 2  d a y s  
- 2 7  d ay s 
3  d a y s  M ean 
12 d ay s  M ean 
2 7  d ay s  M ean
G raph  7.34 Mean data tested at lOO^C fitted to diffusion coefficient for process 1. The data 
clearly does not fit as there should be no tail.
M ean d ata  (100  C) a ttem p ted  fit to  p r o c e s s  1 (Cu II)
Layer number
■1 day 
■3 days 
■12 days 
■27 days 
3 days Mean 
12 days Mean 
27 days Mean
G raph 7.35 Mean data tested at lOO^C fitted to diffusion coefficient. N.B the data at the lower 
end of the scale does not fit the diffusion coefficient.
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
-0.05 6
M ean d ata  (100  C) fitted  to  p r o c e s s  2 (Cu I)
Layer number
1 day
3 days 
12 days 
27 days 
A 3 days Mean
•  12 days Mean
♦  27 days Mean
1-----------1----------- 2-----------9---------- 4---------- 9 - -----1
Graph 7.36 Mean data tested at 100°C fitted to diffusion coefficient for process 2. N.B. data that
was fitted to process 1 has been removed.
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M ean d ata  (100  C) fitted  to  p r o c e s s  1 an d  2
Layer number
-1 day 
- 3 days 
-12 days 
-27 days 
3 days Mean 
12 days Mean 
27 days Mean
G raph 7.37 Mean data tested at 100°C fitted to diffusion coefficient for process land 2.
C e ll d a ta  (100 C) fitted  to  p r o c e s s  1 (Cu II)
5
4
3
2
1
0
2 310
Layer number
1 day
3 days
12 days
27 days
• Oxygen 27 days
• Air 27 days
A Oxygen 12 days
• Air 12 days
A Oxygen 3 days
A Air 3 days
G raph 7.38 Actual collected data for air and oxygen tested at 100°C fitted to diffusion 
coefficient for process 1.
C ell d ata  (100 C) fitted  to  p r o c e s s  1 (Cu I)
0.4
0.3
a  0.2
0.1
30 1 2 4 5 6
1 day
3 days
12 days
27 days
A Oxygen 27 days
A Air 27 days
• Oxygen 12 days
A Air 12 days
■ Oxygen 3 days
A Air 3 days
Layer number
Graph 7.39 Actual collected data for air and oxygen tested at lOO^C fitted to diffusion
coefficient for process 2.
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C ell d ata  (100 C) fitted  to  p r o c e s s  1 and  2
5
4
3
2
1
0
5 642 30 1
Layer number
-1 day 
-3  days 
-12 days 
-27 days 
Oxygen 27 days 
Air 27 days 
Oxygen 12 days 
Air 12 days 
Oxygen 3 days 
Air 3 days
G raph 7.40 Actual collected data for air and oxygen tested at 100°C fitted to diffusion 
coefficient for process 1 and 2.
Mean d ata  (50 0 )  fitted  to  p r o c e s s  1 (Cu II)
2 3 4
Layer number
-1 day 
■3 days 
■12 days 
•27 days 
3 days Mean 
12 days Mean 
27 days Mean
G raph 7.41 Mean data tested at 50°C fitted to diffusion coefficient for process 1. The data 
clearly does not fit as there should be no tail.
M ean d ata  (50  C) fitted  to  p r o c e s s  2 (Cu I)
0.35 
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3 0.15 
^  0.1
0.05
4 5 60 2 31
layer number
■1 day 
3 days 
•12 days 
■27 days 
3 days Mean 
12 days Mean 
27 days Mean
Graph 7.42 Mean data tested at 50“C fitted to diffiision coefficient for process 2.
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M ean d ata  (50 C) fitted  to  p r o c e s s  1 and  2
Layer number
 1 day
 3 days
 12 days
 27 days
#  3 days Mean
#  12 days Mean
#  27 days Mean
G raph 7.43 Mean data tested at 50°C fitted to diffusion coefficient for process 1 and 2.
C e ll d ata  (50 0 )  fitted  to  p r o c e s s  1 and 2
2 3 4
Layer number
-1 day 
-3 days 
-12 days 
-27 days 
Oxygen 27 days 
Air 27days 
Oxygen 12 days 
Air 12 days 
Oxygen 3 days 
Air 3 days
G raph 7.44 Actual collected data for air and oxygen tested at 50°C fitted to diffusion coefficient 
for process 1 and 2.
M ean d ata  (25 C) fitted  to  p r o c e s s  1 (Cu II)
2 3 4
Layer number
 1 day
 3 days
 12 days
 27 days
•  3 days Mean
#  12 days Mean 
a 27 days Mean
Graph 7.45 Mean data tested at 25°C fitted to diffusion coefficient for process 1.
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M ean d ata  (25 C) fitted  to  p r o c e s s  2 (Cu I)
0.25
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0.13o
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531 2 40
Layer number
 1 day
 3 days
 12 days
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A 3 days Mean
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Graph 7.46 Mean data tested at 25°C fitted to diffusion coefficient for process 2.
Mean data (25 C) fitted to process 1 and 2
2 3 4
Layer numtier
■1 day 
-3 days 
■12 days 
•27 days 
3 days Mean 
12 days Mean 
27 days Mean
Graph 7.47 Mean data fit for processes I and 2 at 25°C
C ell d ata  (25 C) fitted  to  p r o c e s s  1 and 2
2 3 4
Layer numlaer
- 1  day
- 3  days
-1 2  days
-2 7  days
• Oxygen 27 days
# Air 27 days
# Oxygen 12 days
■ Air 12 days
■ Oxygen 3 days
♦ Air 3 days
Graph 7.48 Actual collected data for air and oxygen tested at 25®C fitted to difïusion coefficient 
for process 1 and 2.
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T he e ffe c t  o f  tem p era tu re  on  th e  rate o f  d iffu sion
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O
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 25C
 50C
 100C
#  27d oxy 25
#  27d oxy 50
#  27doxy 100
Graph 7.49 The effect o f temperature on the rate o f diffiision after 27 days
C a lcu la tion  o f  a c tiva tion  en erg y  In D V s 1/T
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> Cu++ 
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Graph 7.50 Calculation of the activation energy of the diffusion reaction for the combination of 
the two diffusion processes.
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3 0  y e a r  p r e d ic t io n  c u r v e s  fo r  C o p p e r  d if fu s io n  a t  1 0 0
C
6
5
4
3
2
1
0
10 15 20
Layer number
25 30
-1  day 
- 3  days 
12 days 
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Graph 7.51 Long term prediction curves at 100°C using process 1 and 2
3 0  y e a r  p r e d ic t io n  c u r v e s  fo r  C o p p e r  d if fu s io n  a t 5 0  C
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-1 0  years 
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27 days Mean
Graph 7.52 Long term prediction curves at 100°C using process 1 and 2
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3 0  y e a r  p r e d ic t io n  c u r v e s  fo r  C o p p e r  d if fu s io n  a t  2 5  C
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Graph 7.53 Long term prediction curves at 25°C using process 1 and 2.
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CHAPTER 8 
THE FITTING OF CT DATA TO THE LONG 
TERM PREDICTION CURVES
8.1  lifltrodiiictioii
The previous chapter allowed the production of curves at the different temperatures 
for the diffusion o f copper through OIP insulation for up to 30 years. It was now 
necessary to attempt to fit the data collected from three CTs that have been presented 
in chapter 5. The datawerL^to be fitted at the three tested temperatures and the various 
starting concentrations and diffusion coefficients that had been calculated. The 
samples chosen were the black marked region from sample A, the non blackened area 
from sample C and various profiles from the Sundon stripdown, which had heavy 
black residues on the surface o f the paper. The percentage copper foimd on these 
profiles can be seen in table 8 .1 .
Table 8.1 Data used fi‘om chapter 4 and 6 to compare the difiusion model to raw collected data.
Layer
num ber
Sample A 
black m ark
Sample C 
no black
Sundon 1 
black m ark
Sundon 2 
black m ark
Sundon 3 
black m ark
1 3.46 0.75 3.37 2.79 6.24
2 2.61 0.69 2.53 2.24 5.19
3 1.85 0.56 1.91 1.50 2.74
4 1.5 0.58 1.33 1.29 2.39
5 1.08 0.35 1.18 1.67
6 0,89 0.31 1.19 1.12 0.60
7 0.32 1.00 0.40
8 0.25 0.29
9 0.24 0.32
10 0.19 0.29
11 0.2
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8.2 Method of F itting
Theoretically the fitting of the CT data on to the 30 year prediction curves should 
have been a simple task. The data plotted directly onto the graphs and an 
estimation o f the length o f time, that diffusion had been occurring for could 
immediately be seen. This however was not always the case. It has previously been 
stated that there are two diffusion processes. Pi for Cu^^ ions and P% for C u^ ions. 
The sets of samples that have been chosen in this case represent the different 
problems that are associated with the fitting o f data. Sample A had a black mark on 
the first few layers that was gradually fading. This was a classic case, predicted by 
the model, where the first few layers are predominantly Cu(II), followed by a 
combination o f the ions and finishing as predominantly Cu(I). Sample C had no 
black marks and the spectra had no satellites and therefore would expected to be 
Cu(I) only, with only very low concentrations. The samples from Sundon were the 
opposite with heavy black marks predominantly o f the Cu(II) species, high 
concentration and operating mainly by process Pi.
8.3 Fitting of Sample A
The data from sample A w&^fii'st plotted on to the 100°C curves for the three types of 
graph, Pi, P2 and for both processes combined. This was the most straightforwai'd fit 
o f all the samples used. The ease o f the fit was due to the starting concentration of 
approximately 3.5 at%, that fitted the model very well and the fact there were two 
distinct diffusion processes in operation. As would be expected there was a 
reasonably good fit to Pi and a very bad fit to P2 (graphs 8.1 and 8 ,2 ), This was 
because this particular set o f results had black marks that were mainly copper (11). 
For Pi the tail was too high and for P2 the starting concentration was too high to 
enable a good fit. The data fitted the graph that combined both processes the best 
(graph 8.3), This confirmed that the diffusion mechanism was closely related to the 
diffusion coefficient for Pi, when black marks aie present. The process was repeated 
for 50 and 25°C and similar results were found (graphs 8.4 and 8.5),
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8.3.1 Results and discussion
Using the original model it can be seen that at the three different temperatures the 
length o f time that the formation o f the black deposit has talcen to form is different for 
the three temperatures. At 100®C the process would have taken between 243 days to 
1 year, at 50°C the deposition would have talcen between 1 and 3 years and at 25®C 
the process would take more than 3 years.
The maximum time taken for the observed diffusion is only 3 years but the bushing 
had been in operation for over 25 years so this is clearly not the whole story. There 
are many other factors that may have<^ffected these results and they will be discussed 
later.
8.4 Fitting of Sample C
Sample C was a profile talcen from a CT which had no visible black marks. The 
spectra had very small copper pealcs with no satellites present. This meant that there 
were no copper (II) ions present. An attempt was made to fit the data to the diffusion 
model at 100®C for the combination of the two processes graph 8 .6 . As expected the 
fit was very poor. The data w&^expected, however, to fit P2 for Cu(I) ions (graph 
8.7). Again the data did not fit the model. The problem was that the starting 
concentration was wrong. P2 had been calculated using a Ci o f only 0.35 at% copper 
but the data started at 0.75 at% copper.
8.4.1 Changing the starting concentration.
It has previously been discussed that by altering the diffusion coefficient a sideways 
movement on the graph can be created and by altering the starting concentration an 
up and down movement o f the graph can be caused. Assuming that the diffusion 
coefficient for the process was correct it is a simple task to alter the Ci to fit the data 
(Graph 8 .8). Now the data appeared to fit the curves, an estimate o f the time taken 
for the diffusion curve to be constructed, could be acquired.
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At 50“C the same problem occurred when attempting to fit the data i.e. the data do 
not fit the modelled curves. Again Ci was altered to 1 % to fit the data to the process 
2 model. Simply the concentration at the source has been altered from 0.3 to 1.0 at%, 
with D unchanged and consequently the data fitted the model very well and predicted 
that the process had been running for between the 243 days and the 1 year curves. 
The prediction curves cannot be relied upon due to the change in original 
concentration but the diffusion coefficient can be. It can be seen that the data fil a 
profile curve for P2 reasonably well and therefore can expected to be Cu (I) only. The 
data fit was repeated to fit the 25"C data and the results were in agreement. The 
implication of changing the starting concentration is that it is not constant, as 
assumed in the lab simulation, but increases slowly with time.
8.4.2 Changing the diffusion coefficient
The only problem with altering the Ci is that 27 day mean data no longer sit on the 
27 day line. When the original model was fitted the diffiision coefficients were 
calculated with a starting concentration of about 0.3 %. The data diffusion coefficient 
was then manipulated to get the data to fit. If  the original Ci of 0.8 % had been 
chosen then the data would have been extrapolated to fit and hence give a different 
diffusion coefficient.
The next step, having changed the starting concentration was to now refit the curve to 
the 27 day date by lowering the diffusion coefficient. The results of these graphs can 
be seen graphs 8.9 to 8.11. The results show that at 100°C the process would have 
taken between 1 and 3 years, at 50°C 1 and 5 years and at 25°C between 3 and 10 
years.
8.5 Fitting of Sundon Samples 1 and 2
Sundon samples 1 and 2, which had starting concentrations within the boundaries of 
the model, were fitted. The Sundon samples had black marks and therefore fitted Pj 
very well and P2 not at all. The problem with the data was that again the fit was not
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very good, as the tail o f the data did not lie along the line. It is clear that in this case 
D was not correct.
Analysis of the profiles from the Sundon chapter had shown the highest concentration 
o f copper found on the surface o f any o f the paper layers studied. The results in 
themselves were very important to this study. Due to the high concentrations of 
copper that were foimd on the surfaces it is necessary to add some previously gained 
information when attempting to fit the data to the curves. Firstly, the majority o f the 
layers studied through the profile were covered in black maries. The spectra o f the 
majority o f the layers analysed by XPS also had a satellite present on the copper 
narrow scans and therefore often had Cu (II) present as an oxide. Therefore in the 
majority the data would be expected to fit the curves for Pi better than the curves for 
P2, the opposite o f the data fit o f sample C.
Three diffusion profiles measured from the Sundon sample have been fitted to the 
diffusion model cuives. The first two sets of data had copper concentration within 
the range o f the simulated model and therefore there was no reason to alter the 
starting concentrations. The two sets o f data are closely related and have therefore 
been modeled together. The attempted fit to Pi at 100“C (Graph 8.12) is a reasonably 
good fit, but is obviously way off the scale for P2 (Graph 8.13). It can be seen that the 
data fits the curves for both processes (Graph 8.14) and Pi better than P2. This was 
also case for the 50®C and the 25°C graphs (Graphs 8.15 and 8.16). The tails o f the 
curves are much higher than have been previously expected, confiiming that there is 
likely to be a different diffusion coefficient operating in this ar ea of the CT. In fact it 
is lilcely that there are different diffusion coefficient operating in all areas o f the CT. 
At 100°C the process appears to talce 1 year and at 25®C the process will take between 
3 and 10 years.
8,6 Fitting of Sundon sample 3
Sundon sample 3 was as 1 and 2, totally covered in black marks. This had a 
combination of problems as it did not fit either process again as the concentration was 
too high for Pi and P2 was evidently not an issue.
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A third profile from the Sundon chapter was also fitted to the modeled curves. This 
set of data had a very high Ci o f over 7 at% copper and hence did not fit the model 
that had been previously constructed. The attempted fit to the diffusion model at 
100®C (Graph 8.17) shows that at the high concentrations o f copper covering the first 
few layers the data do not correlate to the model. Interestingly from layer 6  to 10 
the data do fit the curves reasonably well. XPS has shown that it is approximately 
at this point that the copper satellite often disappears on the narrow scan and therefore 
the copper is in the state o f Cu (I). This would explain why the data fit better at this 
stage. The poor fit o f the higher concentration layers is because they are out o f the 
ranges o f the model. The attempted fit to the Pi curves shows a similar pattern.
Again it has been possible to fit the data against a changed model with a higher 
starting concentration of 8 at% copper and a changed diffusion coefficient (Graphs 
8.6.18 to 8.6.22). Now the data at 100“C and 50®C fit very well confirming that the 
diffusion coefficient is still accuiate at the higher concentrations. At 25°C the 
correlation is not so good. This confirms that the black mai*ks and the formation of 
the copper (II) ions are occurring at higher temperatures lilcely to be between 50°C 
and 100‘^ C. At 100®C the process appears to be taking approximately 1 year, at 50®C, 
1 to 2 years and at 25®C, 3 to 4 years.
8.7 Discîissioïi CT data
The purpose o f the construction o f the long term prediction curves was to be able to 
predict the amount of copper diffusion that could have occurred over the length of 
time in service. In addition by comparing the copper diffusion curve profiles 
collected in chapter 5 and 6  to the curves it was hoped that it would be possible to 
estimate the length of time that the diffusion had been mobile. It was also possible to 
get an idea o f the process that the difl^ision mechanism had under gone and 
indications o f the temperature o f the region have also been estimated. The 
formulation o f the prediction curves was covered in chapter 7 and this chapter 
demonstrated their use.
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The use of the prediction curves was not as straight forward as it first been thought. 
The first problems were with the actual fitting of the data. In some cases the starting 
concentrations of copper were higher than had been originally modeled. It was found 
that by increasing the models starting concentration resulted in inaccuracies in the 
model. This, in turn, could be corrected by altering the diffusion coefficient to fit to 
the mean 27 day data. It is possible that any starting concentration and diffusion 
coefficient could be fitted to the 27 day mean data.
The results of the prediction of time o f diffusion were also confusing. Although it 
was clear that diffusion increased with time and temperature the length of time that 
diffusion had been occurring for was a lot less than the time that the CT had been in 
service. Generally the curves predict that processes will occur after 1 year at 100°C, 
after 3 years at 50®C and up to 10 years at 25°C. The CT is thought to operate nearer 
to ambient temperature than 100”C and therefore the 25®C time period is more 
appropriate to the investigation although the least accuiate. The problem is that the 
CTs examined have been in use for up 35 years. This means that diffusion cannot be 
operating at the predicted rate constantly for the lifetime o f the CT. Either the rate of 
diffusion has been inaccurately calculated or the diffusion is changing rate 
continuously.
It is possible that the rate o f diffusion is at its highest at the beginning and then 
decelerates with time. It could also be at its slowest at the beginning and then 
accelerate with time. Another possibility is that there is another rate determining 
factor which could include the, rate o f arrival o f oxygen or the rate o f production o f 
the diffijsing species or the number o f active sites available to be turned in to the 
diffusing species.
In the case o f the cell experiment the most lilcely scenario is that the process is 
moving fest at the beginning. This would explain the inaccuracy when compared to 
the CT data. The high rate could be due to the maximum number o f active sites and 
diffusing species caused by a virtually unlimited supply o f oxygen in the oxygenated 
air. The CT however is lilcely to be the complete opposite and therefore have 
minimal diffusion at the beginning and would then accelerate.
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The diffiision mechanism is lilcely to be more heavily controlled by the rate o f arrival 
o f the oxidising species whether that is oxygen in the air or a form of compound 
produced in the medium due to breakdown of oil or the cellulose. One possibility is 
that the CT is oxygen free at the beginning and only the slow ingress o f oxygen 
advances the process either at intervals or with a slow constant stream. Another 
possibility is that the process staits immediately and then uses all the available 
oxidant in the surrounding area and then slows down rapidly to a very slow process.
Another important factor M eeting the rate o f diffusion is the concentration and rate 
of arrival o f the oxidizing species that causes the mobility. This is thought to be 
oxygen due to the formation o f copper (II) oxide but as some sulphur' has been 
detected this cannot be assumed. The levels o f oxygen in the oil had been enhanced 
by the experimental procedure and are therefore lilcely to be much higher than m an 
actual CT.
When commissioned into service transformer oil and insulation is in fully deaerated 
state and the porcelain cap is hermetically sealed under an atmosphere of dry 
nitrogen. Our findings are that copper ions are the diffusing species and that the 
transport is associated with the visible corrosion o f the copper surface. This can only 
come about if there is, firstly, air ingress to the interior o f the transformer and 
secondly, diffusion o f oxygen through the oil and the copper paper insulation to the 
wrapped copper sur&ces. Thus key stages in the initiation of copper transport are the 
failure after a given time o f the seal and the availability o f transport paths for oxygen 
to the copper braid. That air ingress does eventually occur is shown by analysis o f 
oil, which fi-equently give N2/O2 ratios close to 4, the value expected for air ingress. 
Examination o f stripped CTs shows that the preferred route for oxygen is probably 
helical discontinuity in the paper layers at the edge of the copper braid. This slightly 
larger gap in the layer sequence winds around the conductor to reach the outside of 
the insulation at some point on the primary.
The attempted fits to the diffusion model constructed by simulation in the test cell 
cannot be completely relied upon. Apart from the other factors lilcely to have an 
effect on the rate o f diffiision, level o f oxygen, rate of arrival of oxidant, chemical 
change in the diffusion environment etc., the diffiision model does not take into
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consideration the very high levels o f copper found in the CTs examined. The scaling 
up of the diffusion model is clearly inaccurate, as the levels o f copper found in the CT 
obviously have taken longer to be deposited than the diffusion curves predict. The 
likelihood is that the diffusion profiles seen in the sundown CT have taken many 
years to develop at continuously changing temperatures and conditions. The model 
therefore can only be relied upon do estimate the amount of copper diffusion over 
short periods of time and where the starting concentrations at paper level 1 are in the 
scope o f the model.
8.8 CT data fitted to diffusion model
S a m p le  A d a ta  w ith  b la c k  m ark  fitted  to  p r o c e s s  1 
c u r v e s  a t  1 0 0  C
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-81 days 
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Sam ple A BM
G raph 8.1 Sample A data attempted fit to process 1 at 100°C.
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Graph 8.2 Sample A data attempted fit to process 2 curves at 100°C.
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Graph 8.3 Sample A data fitted to process 1 and 2 at 100°C.
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S a m p le  A d a ta  f itted  to  d if fu s io n  m o d e l fo r  p r o c e s s e s  1 
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G raph 8.4 Sample A data fitted to process 1 and 2 at 50°C.
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G raph 8.5 Sample A data fitted to process 1 and 2 at 25°C.
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G raph 8.6 Sample C data attempted fit to process 1 and 2 at 100°C.
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Graph 8.7 Sample C data attempted fit to process 2 at 100°C.
219
Chapter 8 Prediction graphs
S a m p l e  C r e s iz e d  b y  w ith  CO o f  1 .0  fo r  p r o c e s s  2  
p r e d ic t io n  c u r v e s  a t  100  C
5  06
0.4
0.2
50 10 15 20 25 30
Layer number
-1  day 
- 3  days 
1 2  days 
- 2 7  days 
-8 1  days 
- 2 4 3  days 
-1  year 
- 3  years 
- 1 0  years 
3 0  years 
2 7  days Mean 
Samp le C Bm
G raph 8.8
fit to at 100°C.
Sample C data with changed starting concentration to fit process 2 diffusion curves
o
S a m p le  0  r e s iz e d  b y  w ith CO o f  1.0 for  p r o c e s s  2  
p red iction  c u r v e s  a t 100 C
1.2
1
0.8
0.6
0.4
0.2
0
0 5 10 15 20 25 30
-1 day 
-3  days 
-12 days 
-27 days 
-81 days 
-243 days 
-1 year 
-3  years 
-10 years 
-30 years 
27 days Mean 
Sam ple C no Bm
Layer number
Graph 8.9 Sample C data with changed starting concentration and diffusion coefficient to fit
process 2 diffusion curves fit to at lOO^C.
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G raph 8.10 Sample C data with changed starting concentration and diffusion coefficient to fit 
process 2 diffusion curves fit to at 50“C.
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Graph 8.11 Sample C data with changed starting concentration and diffusion coefficiejfto fit
process 2 diffusion curves fit to at 25°C.
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G raph 8.12 Sundon data 1 and 2 attempted fit to process 1 at 100°C.
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Graph 8.13 Sundon data 1 and 2 attempted fit to process 2 at 100°C.
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G raph 8.6.14 Sund«i data 1 and 2 attempted fit to diffusion model process 1 and 2 at 100°C.
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Graph 8.6.15 Sundon data 1 and 2 attempted fit to diffusion model process 1 and 2 at 50”C.
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G raph  8.6.16 Sundon data 1 and 2 attempted fit to diffusion model process 1 and 2 at 25°C.
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Graph 8.6.17 Sundon sample 3 attempted fit to diffusion model process 1 and 2 at 100°C.
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G raph 8.6.18 Sundon sample 3 with starting concentration of 8 at % fitted to diffusion model 
process 1 at lOO^C.
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Graph 8.6.19 Sundon sample 3 with starting concentration of 8 at % and diffusion coefficient
fitted to diffusion model process 1 and 2 at 100°C.
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G raph 8.6.20 Sundon sample 3 with starting concentration of 8 at % and diffusion coefficient 
fitted to diffusion model process 1 and 2 at 50°C.
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Graph 8.6.21 Sundon sample 3 with starting concentration of 8 at % and diffusion coefficient
fitted to diffusion model process 1 and 2 at 25°C.
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CHAPTER 9
DISCUSSION AND CONCLUSIONS
9,1 Introduction
The project was originally started after the discovery that several failed CTs had 
black deposits on the surface o f the insulation paper. Preliminary analysis showed 
these black marks to contain copper and were therefore not the result of overheating 
and the carbonisation of paper, the common perspective of the electrical engineer.
The CT insulation is by oil impregnated paper layers in their hundreds separated by 
copper foils. These foils were clearly the source of the copper but there were 
questions concerning the manner in which copper arrived on the surface of the paper 
and the manner in which the history o f the CT would influence this.
This thesis has provided the answers to the most basic o f the questions and this 
chapter will summarize the previous chapters and provide a conclusion. Outlined are 
the objectives, a discussion surrounding how the objectives were met and the 
conclusions that have been made. The project required many more experiments to 
complete the story and to provide preventative methods and therefore a section on 
fixture work is included.
9.2 Achievement of Aims
The aims o f the project were to establish a mechanism for the transport of copper 
through the bullc insulation, by studying the mobility of copper (and other elements)
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ill oil and paper and hence to provide a view of the mechanism o f failure and an
indication of the parameters lilcely to influence the magnitude of the phenomenon.
The sequence o f steps by which the objectives have been achieved aie as follows;
(i) the presence o f copper on the surface o f the paper has been confirmed using
surface sensitive techniques;
(ii) a knowledge of the distribution o f the copper on the surface of the paper has 
been gained;
(iii) the presence o f an oxide layer on the surface of the copper braid i.e. to the 
source of the copper ions has been confirmed;
(iv) the chemical state o f the copper species, the choices being between elemental 
copper, cupric oxide (CuO) and cuprous oxide (CU2O) has been identified;
(v) the concentration gradient of the copper species across a profile of the paper 
wrappings has been established for a number of CTs and bushings;
(vi) a laboratory simulation has been made;
(vii) a mechanism o f diffusion and a model, has heen constructed on the basis o f
Pick’s law o f diffiision has been formulated i.e. to fit profiles to the model o f
diffusion;
(viii) a model to predict the life span of a CT using data collected in the laboratory 
has been created.
9.3 Discussion
XPS and SEM produced most o f the information that had been requhed to meet the 
objectives. The elements present on the surface o f the paper were Cu, C, O, S and Si. 
Black marks found on the surface o f the paper were found to have higher amounts of 
copper than areas which appeared clean. The darker the mark the higher the amount 
o f copper that was measured. When there were no black marks there was either no 
copper or very little. Black marks found on the surface o f the copper were seen by 
the SEM to be an oxide layer on the surface o f the copper. XPS confirmed this and m 
addition showed that the copper could be found in two chemical states. The presence 
o f a copper satellite on some o f the spectra when the black mark was of high intensity
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proved that the copper was Cu (II) ions and where black marks were less intense or 
non existent then Cu (I) ions were. The SEM proved that the distribution of copper 
was very random and was not moving on mass.
XPS was used to quantify the amount o f copper on the surface o f the paper through 
the CT, It was shown that diffusion was occurring by measuring the amount of 
copper on the smface of the paper of the individual paper layers. The satellite 
confirmed the presence o f CuO on the paper layers close to the copper foil that 
gradually reduced with distance until only CugO remained. The XPS showed that the 
copper was in some way hound to the surface of the paper and was not diffusing 
through the oil. It is possible that some form of complex has been formed with the 
paper demonstrated by the measurement o f the Auger parameter. This would explain 
the large charging shift seen along the binding energy and the Auger scales on the 
spectra.
The Sundon investigation proved very informative and firstly assured that the 
samples tested had not been affected by long exposure to the atmosphere. The CT 
had a very high level of black marks throughout the CT insulation, compared to the 
samples tested up that point. Analysis by XPS confirmed the highest levels o f 
copper that had been measured by XPS at approximately 8%. The distribution of 
black marks within the CT was very interesting and it was fomid that the highest level 
o f copper diffusion was situated under and around the secondary windings. The 
intensity increased towards the inside of the CT where the two windings met. It is 
likely that the secondaries are a source o f overheating and when combined make that 
heating two fold. It can been shown that the diffusion mechanism is temperature 
dependent.
It was also found that there was a relatior^hip between the DGA and the levels of 
copper found on the surface o f the insulation paper. This was the method used for the 
selection o f the CT and proved accurate. High levels o f dissolved gases generally 
means that there is a high level o f diffusion. The CT will have heen in a state o f 
severe degradation to produce that much gas. Therefore there will have been a large 
amount of chemical change and therefore oxidation activating species may have 
increased.
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The simulation of diffusion using the variables of time, temperature and oxygen 
concentration were successful. The test cell produced a set of diffusion curves which 
were then used to produce diffusion coefficients for the processes. It was found that 
there was little difference between the oxygen and the air saturated mineral oils but 
deaeration with nitrogen appeared to halt the process. However eventually the 
process appealed to start up again due to air ingress. This meant that although there 
appeared to be an oxygen threshold it was clearly very low and possibly so low that 
diffusion could not be prevented. CTs aie pumped with nitrogen prior to service to 
remove oxygen and are then sealed. Therefore there should have been no oxygen in 
at time o f manufacture and therefore the oxygen must have entered the system or 
have been produced inside.
The results o f the test cell showed that the diffusion process was temperature 
dependent and with time the amount o f copper diffusion increased. This was to be 
expected from the AiThenius equation.
The concentration profiles found through experiment are m the form that would be 
expected for diffusion from a continuous source that is to say they follow Fields law 
o f diffiision. The diffusion model was based upon the theory for non-steady state 
diffusion through a planar sheet. When calculating the diffusion coefficient it was 
found that the data did not fit the equation for one diffusion coefficient. At this point 
the probability o f two forms of the copper ion were used and therefore there were two 
active diffusion coefficients for the Cu (I) and Cu(II) ions.
The Diffusion coefficients for the diffusion of copper were as expected temperature 
dependant. The diffusion coefficients were different by as much as a factor of 10. At 
100°C, Di was 3.5 X 10’^  and Dg was 3.5 x 10"^ . This indicates that Cu^^ ions were 
easily produced but the diffusion process is slow and in comparison the formation o f 
Cu^ is difficult but the diffusion process is fast. It is more lilcely that the doubly 
charged ion would take twice the amount of the oxidising species to be produced, but 
the rate o f diffusion can be accepted. The activation energies for the diffiision of the 
two ions show that it takes twice as much energy for Cu^^ ions to diffuse as Cu^ ions. 
It is possible that the relationship is related due to the number o f charges found on the 
migrating ions.
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Comparison of the measured CT data with the prediction curves gave an indication to 
the length of time that the process had been in operation. The CTs had been laiown 
to have been in service for between 25 and 35 years. The prediction curves inferred 
that the diffusion processes had been in operation for between 1 and 15 years for the 
various temperatures. Therefore the process has not been occurring continuously for 
the whole time period that the CT had been in use. Factors that may have affected the 
rat o f diffusion have been discussed. They included, availability o f oxidant, rate of 
formation o f diffusing species, dependence on actual diffusing species and the 
temperature o f the system. It should be noted that the CTs are positioned outdoors 
and it is possible that for large portions o f the year the temperature may have been as 
low as 0®C or below, which may have slowed the process considerably, if not halted 
completely.
9.4 Coffidiisions
a) The Copper is in two states Cu(I) and Cu(II) oxide. The state depends on the
extent of the oxidation within in the system.
b) There is a copper concentration gradient across the paper profiles sectioned.
c) There is a diffusion mechanism that obeys Pick’s law.
d) The diffusion process can be simulated in the laboratory using a designed test 
cell.
e) The diffusion mechanism is temperature dependent.
Q The diffusion mechanism relies on the amount o f oxygen available for the
production of the diffusing species and the number of active sites.
g) There are two species that are diffusing; copper (I) and copper (II).
h) The two diffusing ions have different diffusion coefficients, the diffusion
coefficient for process 1, copper (II) diffusion shows that the diffusion is 
relatively slow and the diffusion coefficient for copper (I), process 2 realises a 
faster diffiision rate.
i) The activation energy for process 1, is twice the value of the process 2. This
is consistent with the former process being related to the diffusion of the
copper (II) species and the latter to the copper (I) species.
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j) Prediction curves can be produced for the three temperatures and it can be
seen that the higher the temperature the faster the diffusion mechanism will 
be.
9.5 F urther W ork
The work carried out in this thesis has been the starting point o f the investigation of 
diffusion o f copper in current transformers. Time did not permit all o f the work that 
would complete the picture and therefore there were many other criteria to be solved.
9.5.1 To determ ine the threshold level at which dissolved a ir triggers copper 
transport.
It appears that even when the experiment had been carried out using low levels o f 
oxygen be. mineral oil saturated with Nitrogen that copper diffusion was still 
possible. This must mean one o f two things
a) The oxygen threshold at which diffusion occurs is so low that infinitesimally 
small amounts of oxygen are enough to trigger the transport o f copper. If  this
the case then a new experiment will have to be constructed to allow the oxygen to 
be purged completely fi'om the oil and a method developed to supply a 
measurable amount o f oxygen to the mineral oil to be tested. The quantification 
o f the threshold would be a very useful piece o f information,
b) The oxygen merged with the oil that has come from the atmosphere is not the 
oxygen, which finally is found combined with copper to form the cuprous and 
cupric oxides foxmd on the surface o f the insulation paper. The alternative is that 
an oxidising species is already available in the mineral oil or is produced through 
degradation of the mineral oil and / or paper. Literature suggests that this is 
possible but has not been confirmed. Attention would now have to be focused on 
the constituents o f the mineral oil, as the paper composition is laiown. The 
oxidising species would need to be identified and a quantification o f the species in
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the oil would have to be assessed. Different batches o f oil would be lilcely to 
contain different amounts o f the species and hence cause different diffusion rates.
9.5.2 To déterm ine whether copper levels on the paper can be correlated w ith 
dissolved copper in CT oil.
To carry out this experiment accurately it would be necessary to acquire oil and paper 
samples from the same region o f the CT. Typically an area with very heavy black 
deposits and an area with no black deposits would be an ideal starting point. Oil is 
normally collected from the overflow tanks and therefore cannot be correlated with 
specific areas of the CT. Another problem is that it is not possible to remove paper 
samples and oil from CTs in operation.
y
With the oil collected from the reservoir at the base of the CT it is possible cany out 
several tests. The DGA can be measured using Gas Chromatography - Mass 
spectrometry (GC-MS) or High performance liquid chromatography (HPLC). The 
elemental composition of the oil can be found by Inductively Coupled Plasma- Mass 
Spectroscopy (ICP-MS) paying particular attention to copper. It would be expected 
that there might be a correlation between the copper in the oil and the DGA results.
9.5.3 To determ ine whether transport can foe arrested by use of known copper 
corrosion inhibitors such as benzotriazole.
Benzotriazole is a well known corrosion inhibitor for copper and therefore should 
prevent copper from leaving the surface. The way that benzotriazole works has yet to 
be researched, but at this time it is believed that it is known as a mixed inhibitor. It 
prevents reaction by blocking the cathodic and anodic sites. The method of its action 
is to cover the surface o f the copper thus preventing any reaction occurring with the 
surface of the copper.
Corrosion normally occurs in aqueous conditions so there l'a no guarantee that it will 
work, although theoretically, as the compound is organic, its solubility should be
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adequate. Another consideration is whether it will have an ect on the insulating 
properties o f the CT.
9,5.4 To determ ine levels of oxygen and copper in oil over a representative 
range of operating life.
Hopefully there is a correlation between the oxygen concentration and the copper 
concentration in the oil and they are both linked to length of time in service. This 
requires samples of oils to be taken from numerous CTs of known operating life and 
then to compare the DGAs and elemental compositions o f the oils. The methods for 
this work have been described.
9.5.5 To determime the operating temperature of CTs under a range of weather 
conditions.
CT operating temperatures are going to be difficult to measure, clearly it is not 
possible to measure the temperature while in operation and to take one off line for a 
brief time to assess the temperatur e distribution would be impractical and would not 
produce electrical results.
Thus for this part o f the investigation it will be necessary to communicate with 
engineers at NGC and the various manufacturers who through their experience and 
knowledge o f their product should be able to provide the required information.
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Appendix 1
A 1.1 Uiiinbibited m ineral insislating oils [17].
Property Limiting values for measured characteristics
Class 1 Class 2 Class 3
Kinematic viscosity, 
mm( s'^  at 40 
-15
-30 °C  
-40 °C  
Flash point,
Pour point,
<16.5
<800
>140
<-30
<11.0
<1800
>130
<-45
<3.5
<150
<-60
Appearance Clear, free from sediment and suspended matter
Density, kg dm'^  at 20 "C <0.895
Neutralisation value, mg KOH 
per g  o f oil <0.03
Corrosive sulphur Non-corrosive
Water content, mgkg^ 
bulk delivery 
drum delivery <30<40
Anti-oxidant additives Non detectable
Oxidation stability, 164 h 
total acidity, mg KOH per g  of 
oil
sludge, %mass
<1.5
<1.0
Breakdown voltage, as 
delivered, kV >30
Dissipation factor, at 90 and 
40 Hz to 62 Hz <0.005
Gassing tendency at 50Hz after 
120min, mm  ^min‘ < + 5
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A 1.2 Inh ibited m ineral insulating oil {17].
P roperty L im iting values for measured 
characteristics
Class lA Class 2A Class 3A
Kinematic viscosity, 
m m ^ s^ a t4 0 °C  
-15 °C 
-30 °C 
-40
Flash point, °C 
Pour point, °C
<16.5
800
> 140 
<-30
<11 .0
< 1800
> 130 
<-45
<3 .5
<150
^ 9 5
< -60
Appearance Clear, fi'ee ft om sediment and suspended 
matter
Density, kg dm'^ at 20 <0.895
Neutralisation value, mg KOH 
per g o f oil
<0.08
Corrosive sulphur Non-corrosive
Water content, mg kg"  ^
bulk delivery 
drum delivery
< 30
< 40
Anti-oxidant additives No requiiement
Oxidation stability, 164 h 
total acidity, mg KOH per g of 
oil
sludge, % mass 
500h
total acidity, mg KOH per g of 
oil
sludge, % by mass
<0.25
<0.01
<1.5
<1.0
Breakdown voltage, as 
delivered, kV
>30
Dissipation factor, at 9 0 ^ 0  
and 40 Hz to 62 Hz
< 0.005
Gassing tendency at 50Hz 
after 120 min, mm^ min"^
< + 8
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Appendix 2
A 2.1 Physical properties of pure copper (at 20 °C)
Property Value
Crystallographic structure Face centred cubic
Lattice constant 0.3608 nm
Density 8.96 g cm"^
Density - solid at melting point 8.89 g cm'^
Density - liquid just above melting point 8.53 g cm‘^
Volume change on solidification 4.0%
Melting point 1083 %
Boiling point 2590 %
Specific heat 385 J
Thermal conductivity (0-100 C) 399 W m -‘K-^
Electrical conductivity 100-103%
Electrical resistivity 0.01673 ohms mm m"^
Magnetic susceptibility -0.086 X 10-® Kg
Standard potential Cu^ -0.52 V
C u^ 0.337 V
Electrochemical equivalent Cu^ 2.380 g Ah-'
C u^ 1.185 g Ah-'
Photoelectric work fimction 4.5 eV
A 2.2 Atomic and nuclear properties of copper [20].
Property Value
Atomic number 29
Atomic mass 63.54
Atomic radius 1.275 Â
Valences 1 and 2
Ionic radius: Cu^^ 0.72 Â
Cu'+ 0.96 Â
Ionisation potential Cu^^ 20.30 V
Cu'+ 7.72 V
Neutron absorption cross section at 2200 m/s 3.85 ± 0.12 barns atom"^
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Appendix 3
XPS results tables -  chapter 5
A 3.1 Sample A / Analysis for %  copper on both surfaces of the paper e ither side of the 
copper foil.
Layer No % Cu Away %Cu
towards
Sum Mean % Cu
1 0.21 0.36 0.57 0.29
2 0.31 0.62 0.88 0.44
3 0.29 0.47 0.76 0.38
4 0.49 0.80 1.23 0.62
5 0.54 0.86 1.40 0.70
6 0.62 0.87 1.48 0.74
7 0.60 0.45 1.06 0.53
8 0.58 0.91 1.49 0.75
9 0.73 0.55 1.27 0.64
10 0.81 1.49 2.30 1.15
11 0.86 1.84 2.69 1.35
12 3.46 0.56 4.02 2.01
13 2.61 0.45 3.06 1.53
14 1.85 0.40 2.25 1.13
15 1.50 0.38 1.88 0.94
16 1.08 0.40 1.48 0.74
17 0.89 0.37 1.25 0.63
18 0.40 0.36 0.76 0.38
19 0.30 0.36 0.66 0.33
A 3.2 Sample A %  Cu on layers facing tow ards and away from copper bra id  /  shows the 
presence of black m arks on the paper.
%Cu
Layer No Away Away BM Towards Towards BM
1 0.21 0.36
2 0.31 0.62
3 0.29 0.47
4 0.49 0.80
5 0.54 0.86
6 0.62 0.87
7 0.60 0.45
8 0.58 0.91
9 0.73 0.55
10 0.81 1.49
11 0.86 1.84
12 3.46 0.56
13 2.61 0.45
14 1.85 0.40
15 1.50 0.38
16 1.08 0.40
17 0.89 0.37
18 0.40 0.36
19 0.30 0.36
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A 3.3 Sample B %  Cu on surfaces facing towards and away from the copper bra id (copper 
bra id  between paper layers 11/12).
% C u
Layer No Away Towards Sum M ean
1 0.27 0.15 0.42 0.21
2 0.32 0.16 0.47 0.24
3 0.45 0.26 0.71 0.36
4 0.46 0.27 0.74 0.37
5 0.79 0.24 1.03 0.51
6 0.85 0.22 1.06 0.53
7 0.46 0.24 0.71 0.35
8 0.92 0.32 1.24 0.62
9 0.52 0.24 0.76 0.38
10 0.91 0.32 1.23 0.61
11 0.67 0.40 1.07 0.54
12 0.38 0.51 0.89 0.44
13 0.36 0.46 0.82 0.41
14 0.35 0.50 0.85 0.42
15 0.33 0.48 0.80 0.40
A 3.4 Sample B %  Cu on surfaces facing tow ards and away from the copper bra id  (copper 
bra id  between paper layers 11/12), show ing positions of visible black marks.
% C u
Layer No Away Away BM Towards Towards BM
1 0.27 0.15
2 0.32 0.16
3 0.45 0.26
4 0.46 0.27
5 0.79 0.24
6 0.85 0.22
7 0.46 0.24
8 0.92 0.32
9 0.52 0.24
10 0.91 0.32
11 0.67 0.40
12 0.38 0.51
13 0.36 0.46
14 0.35 0.50
15 0.33 0.48
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A 3.5 Sample C %  Cu Vs layer No on the surfaces facing tow ards and away from the 
copper.
%  Cu
Layer No Away Towards Sum M ean
1 0.20 0.21 0.41 0.21
2 0.19 0.29 0.47 0.24
3 0.24 0.46 0.70 0.35
4 0.25 0.42 0.67 0.33
5 0.32 0.52 0.84 0.42
6 0.31 0.55 0.86 0.43
7 0.35 0.60 0.96 0.48
8 0.58 0.63 1.21 0.61
9 0.56 0.70 1.25 0.63
10 0.69 0.76 1.45 0.73
11 0.75 0.92 1.66 0.83
12 0.63 0.53 1.16 0.58
13 0.58 0.37 0.95 0.48
14 0.41 0.37 0.78 0.39
15 0.39 0.32 0.70 0.35
16 0.35 0.25 0.60 0.30
17 0.36 0.23 0.59 0.29
18 0.34 0.18 0.51 0.26
19 0.35 0.20 0.55 0.27
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A 3.6 Sample D %  Cu Vs layer No through several copper foils.
Layer No %Cu %o % C Layer No %Cu %o % C
1 0.28 14.94 84.83 58 0.47 18.34 81.13
2 0.25 13.56 86.20 59 0.47 19.88 79.65
3 0.23 17.14 82.63 60 0.47 17.86 81.67
4 0.21 16.03 83.76 61 0.43 18.27 81.30
5 0.22 16.22 83.56 62 0.42 21.53 78.01
6 0.21 12.90 86.88 63 0.41 21.81 77.63
7 0.21 19.84 79.91 64 0.41 20.46 79.13
8 0.19 19.21 80.54 65 0.39 20.44 79.17
9 0.25 20.55 79.13 66 0.35 18.28 81.27
10 0.23 22.17 77.55 67 0.27 15.44 84.29
11 0.24 21.22 78.26 68 0.30 17.62 82.03
12 0.25 19.89 79.79 69 0.37 17.60 81.97
13 0.29 22.66 77.01 70 0.34 14.26 85.28
14 0,33 28.78 70.83 71 0.36 14.74 84.90
15 0.37 20.75 78.85 72 0.35 17.42 82.23
16 0.41 23.33 76.26 73 0.27 12.90 86.83
17 0.38 26.50 73.12 74 0.27 13.89 85.85
18 0.42 19.41 80.08 75 0.29 12.88 86.84
19 0.43 14.26 85.42 76 0.34 13.92 85.75
20 0.47 15.44 84.18 77 0.31 13.35 86.34
21 0.57 16.31 83.43 78 0.31 16.19 83.56
22 0.62 18.17 81.29 79 0.31 14.82 84.88
23 0.72 15.27 84.01 80 0.34 18.21 81.42
24 0.61 13.11 86.12 81 0.37 18.31 81.32
25 0.55 15.44 84.04 82 0.37 18.77 80.89
26 0.39 16.41 83.28 83 0.49 17.15 82.58
27 0.36 15.53 84.11 84 0.54 19.86 79.83
28 0.34 18.09 81.43 85 0.37 11.65 88.11
29 0.38 16.16 83.62 86 0.33 13.33 86.34
30 0.28 14.62 85.10 87 0.32 12.21 87.47
31 0.24 13.96 85.61 88 0.25 11.58 88.18
32 0.25 13.69 86.06 89 0.25 11.33 88.42
33 0.22 13.60 86.11 90 0.32 11.76 87.92
34 0.21 16.66 83.07 91 0.23 20.93 78.85
35 0.23 13.43 86.20 92 0.30 19.05 80.65
36 0.29 15.27 84.37 93 0.39 24.38 75.24
37 0.31 14.97 84.59 94 0.29 10.17 89.54
38 0.34 13.21 86.43 95 0.27 12.39 87.56
39 0.36 12.05 87.59 96 0.29 12.17 87.54
40 0.34 13.14 86.47 97 0.27 15.70 83.92
41 0.34 13.40 86.26 98 0.23 14.52 85.24
42 0.23 12.82 86.95 99 0.22 13.53 86.11
43 0.34 14.78 84.88 100 0.18 12.73 87.09
44 0.36 16.08 83.57 101 0.28 14.99 84.60
45 0.34 17.40 82.20 102 0.19 15.50 84.10
46 0.37 17.21 82.33 103 0.30 12.93 86.77
47 0.33 18.18 81.49 104 0.31 11.24 86.57
48 0.33 18.52 80.96 105 0.24 12.63 87.13
49 0.32 14.04 85.64 106 0.23 12.86 86.91
50 0.33 13.03 86.64 107 0.45 14.98 84.62
51 0.38 13.24 86.37 108 0.42 11.62 88.04
52 0.36 13.59 86.05 109 0.25 9.59 90.16
53 0.39 14.32 85.30 110 0.24 11.69 88.08
54 0.75 13.92 85.70 111 0.24 18.99 80.78
55 0.63 12.29 87.41 112 0.24 13.87 85.90
56 0.50 12.85 86.87 113 0.24 14.55 85.21
57 0.48 14.28 85.41
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A 3.7 Sample E %  Cu Vs layer No for tine outer and inner surfaces of each piece of paper 
either side of several foils.
%  Cu % C u M ean % C u % C u M ean
Layer No O uter
surface
Inner
surface
Layer No O uter
surface
Inner
surface
1 0.21 0.13 0.17 34 0.16 0.27 0.22
2 0.33 0.27 0.30 35 0.18 0.28 0.23
3 0.43 0.39 0.41 36 0.20 0.25 0.22
4 0.49 0.45 0.47 37 0.20 0.19 0.19
5 0.38 0.42 0.40 38 0.17 0.21 0.19
6 0.23 0.36 0.30 39 0.19 0.19 0.19
7 0.12 0.27 0.20 40 0.23 0.20 0.21
8 0.19 0.21 0.20 41 0.20 0.23 0.21
9 0.16 0.14 0.16 42 0.20 0.38 0.29
10 0.22 0.23 0.22 43 0.21 0.36 0.28
11 0.14 0.24 0.19 44 0.22 0.29 0.26
12 0.21 0.24 0.22 45 0.20 0.34 0.27
13 0.27 0.21 0.24 46 0.16 0.36 0.26
14 0.26 0.15 0.26 47 0.23 0.36 0.29
15 0.23 0.25 0.32 48 0.19 0.34 0.26
16 0.24 0.24 0.24 49 0.23 0.37 0.30
17 0.21 0.23 0.22 50 0.22 0.27 0.25
18 0.24 0.25 0.24 51 0.29 0.31 0.18
19 0.27 0.24 0.27 52 0.34 0.39 0.37
20 0.15 0.25 0.20 53 0.41 0.47 0.44
21 0.19 0.17 0.18 54 0.51 0.55 0.35
22 0.15 0.21 0.18 55 0.47 0.53 0.50
23 0.17 0.24 0.20 56 0.39 0.37 0.38
24 0.21 0.23 0.22 57 0.26 0.35 0.31
25 0.24 0.20 0.22 58 0.24 0.30 0.24
26 0.23 0.28 0.25 59 0.25 0.29 0.27
27 0.37 0.37 0.37 60 0.24 0.25 0.24
28 0.38 0.41 0.40 61 0.18 0.22 0.20
29 0.59 0.51 0.55 62 0.25 0.15 0.20
30 0.45 0.39 0.42 63 0.20 0.27 0.23
31 0.37 0.45 0.41 64 0.22 0.20 0.21
32 0.28 0.32 0.30 65 0.18 0.17 0.18
33 0.20 0.28 0.24
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A 3.8 Sample F %  Cm on both surfaces
O uter
surface
Inner
surface
O uter
surface
Inner
surface
Layer No % C u % C u Layer No % C u % C u
1 0.24 0.06 44
2 0.25 0.09 45 0.22 0.24
3 0.27 0.08 46 0.32 0.28
4 0.28 0.10 47
5 0.32 0.11 48 0.45 0.29
6 0.23 0.09 49 0.38 0.28
7 0.28 0.09 50
8 0.29 0.07 51 0.42 0.23
9 0.34 0.11 52 0.72 0.44
10 0.47 0.35 53 0.73 0.76
11 0.63 0.29 54 0.94 0.89
12 0.54 0.31 55 1.02 0.96
13 0.41 0.27 56 0.96 1.08
14 0.39 0.24 57 0.69 0.83
15 0.30 0.20 58 0.71 0.62
16 0.34 0.14 59 0.62 0.39
17 0.33 0.14 60 0.42 0.37
18 0.33 0.13 61 0.31 0.27
19 0.33 0.18 62 0.30 0.35
20 0.26 0.12 63 0.29 0.28
21 0.10 0.20 64 0.32 0.29
22 0.13 0.18 65 0.34 0.36
23 0.15 0.13 66 0.29 0.21
24 0.11 0.13 67 0.31 0.28
25 0.12 0.17 68 0.34 0.32
26 0.18 0.19 69 0.27 0.32
27 0.15 0.14 70 0.38 0.28
28 0.24 0.14 71 0.36 0.36
29 0.17 0.18 72 0.39 0.45
30 0.15 0.15 73 0.54 0.48
31 0.18 0.19 74 0.82 0.63
32 0.29 0.46 75 0.96 0.98
33 0.46 0.47 76 1.12 1.04
34 0.58 0.54 77 0.86 0.72
35 0.79 0.72 78 0.66 0.56
36 0.61 0.51 79 0.65 0.54
37 80 0.65 0.37
38 0.46 0.44 81 0.39 0.43
39 0.20 0.23 82 0.34 0.35
40 83 0.44 0.35
41 0.18 0.21 84 0.31 0.23
42 0.21 0.18 85 0.29 0.24
43 0.26 0.27
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Appendix 4 
Chapter 6 XPS results profiled
% C u % C u % C u % C u
Layer No O uter Inner Layer No O uter Inner
1 0.22 0.30 45 1.75 1.84
2 0.23 0.28 46
3 0.30 0.40 47 1.85 1.67
4 0.80 1.29 48 1.83 1.54
5 1.02 1.02 49
6 0.49 1.02 50 1.74 1.65
7 0.32 0.43 51 1.15 1.50
8 0.35 0.34 52
9 0.33 0.39 53 1.00 0.89
10 0.30 0.36 54 1.12 1.22
11 0.34 0.50 55
12 0.30 0.42 56 1.29 1.19
13 0.32 0.39 57 1.50 1.63
14 0.30 0.32 58 2.24 2.49
15 0.40 0.29 59 2.79 2.86
16 0.60 0.46 60 2.83 3.49
17 1.67 0.91 61 2.64 2.54
18 2.39 2.06 62
19 2.74 2.54 63 1.45 1.35
20 5.19 4.23 64
21 6.24 7.62 65
22 5.06 3.09 66 1.35 1.18
23 2.10 1.87 67
24 1.48 1.39 68
25 1.30 1.45 69 1.04 1.15
26 0.88 0.73 70
27 0.77 0.58 71
28 0.82 6.68 72 0.87 0.73
29 0.80 0.62 73
30 0.99 0.87 74
31 1.02 0.85 75 0.89 0.95
32 1.00 1.09 76
33 1.27 1.38 77
34 1.20 1.24 78
35 1.18 1.35 79 0.96 0.87
36 1.33 1.29 80 1.09 1.26
37 1.91 2.35 81 2.07 2.37
38 2.53 2.89 82 1.52 1.35
39 3.37 4.57 83
40 7.61 6.67 84 1.10 0.97
41 3.08 2.99 85 0.40 0.54
42 2.55 2.93 86
43 87
44 2.05 2.18 88 0.32 0.28
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Appendix S AAS results -  Chapter 6
A5.1
Sample Mass ppm/mg/I Total mg mg/g
1 0.237 11 1.1 4.64
2 0.221 10 1 4.52
3 0.185 5.2 0.52 2.81
4 0.247 2.9 0.29 1.17
5
6 0.241 3.2 0.32 1.33
7
8 0.236 2.5 0.25 1.06
9
10 0.224 3.2 0.32 1.43
11
12 0.273 3.1 0.31 1.13
13
14 0.264 3.2 0.32 1.21
15
16 0.242 4 0.4 1.65
17
18 0.239 3.8 0.38 1.59
19
20 0.272 7.2 0.72 2.64
21 0.283 8.8 0.88 3.11
22 0.230 13.8 1.38 5.99
23 0.235 19.8 1.98 8.43
24 0.228 19.2 1.92 8.41
25 0.274 14.2 1.42 5.18
26 0.256 8.9 0.89 3.48
27 0.271 6.1 0.61 2.25
28
29 0.214 4.1 0.41 1.91
30
31 0.257 5.3 0.53 2.06
32
33 0.226 4.2 0.42 1.86
34
35 0.221 5.2 0.52 2.36
36
37 0.295 6.7 0.67 2.28
38
39 0.268 6.9 0.69 2.58
40
41 0.298 7.2 0.72 2.42
42 0.280 11.6 1.16 4.14
43 0.276 15.6 1.56 5.66
44 0.252 13.9 1.39 5.52
45 0.255 10.3 1.03 4.04
46 0.273 6.4 0.64 2.34
47
48 0.269 3.4 0.34 1.26
49
50 0.241 2.9 0.29 1.20
51
52 0.271 2.5 0.25 0.92
53
54 0.241 2.4 0.24 0.99
55
56 0.238 2.3 0.23 0.97
57
58 0.246 1.9 0.19 0.77
59
60 0.233 2.5 0.25 1.07
61
62
63 0.256 2.6 0.26 1.02
64 0.232 2.8 0.28 1.21
65 0.202 4.5 0.45 2.23
66 0.252 9.6 0.96 3.82
248
Appendix
Appendix 6 C e l simulation XPS Results Tables - Chapter 7
A 6.1 The effect o f tem perature on copper diffusion in a ir after 27 days.
Layer Number % Cu Air 100 C % Cu air 50 C % Cu air 25 C
1 1.94 1.36 0.60
2 0.61 0.18 0.10
3 0.15 0.07 0.03
4 0.10 0.05
5 0.08
6 0.06
A 6.2 The effect of tem perature on copper diffusion in a ir after 12 days.
Layer Number % Cu air 100 C % Cu air 50 C % Cu air 25 C
1 0.93 0.44 0.18
2 0.25 0.16 0.04
3 0.08 0.05
4 0.02 0.02
A 6.3 The effect o f tem perature on copper diffusion in a ir after 3 days.
Layer Number % Cu air 100 C % Cu air SO C % Cu air 25 C
1 0.28 0.17 0.08
2 0.05
A 6.4 The effect of tem perature on copper diffusion in oxygen after 27 days.
Layer Number % Cu oxygen 100 C % Cu oxygen 50 c % Cu oxygen amb
1 1.96 1.49 0.80
2 0.52 0.24 0.12
3 0.21 0.12 0.07
4 0.07 0.08 0.03
5 0.05 0.05
6 0.04
A 6.5 The effect o f tem perature on copper diffusion in oxygen after 12 days.
Layer Number % Cu oxygen 100 C % Cu oxygen 50 C % Cu oxygen 25 C
1 0.79 0.52 0.25
2 0.35 0.20 0.06
3 0.16 0.04 0.03
4 0.04
A 6.6 The effect of tem perature on copper diffusion in oxygen after 3 days.
Layer Number % Cu oxygen 100 C % Cu oxygen SO C % Cu oxygen 25 C
1 0.37 0.21 0.06
2 0.11
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A 6.7 The effect of time on the concentration of copper found on the surface of the test discs in 
a ir  a t 100 C.
Layer Number % Cu air 27 days % Cu air 12 days % Cu air 3 days
1 1.94 0.93 0.28
2 0.61 0.25 0.05
3 0.15 0.08
4 0.10 0.02
5 0.08
6 0.06
A 6.8 The effect o f time on the concentration of copper found on the surface of the test discs in 
a ir  a t 50 C.
Layer No % Cu air 27 days % Cu air 12 days % Cu air 3 days
1 1.36 0.44 0.17
2 0.18 0.16
3 0.07 0.05
4 0.05 0.02
5 0.05
A 6.9 The effect of time on the concentration of copper found on the surface of the test discs in 
a ir  a t 25 C.
Layer Number % Cu air 27 days % Cu air 12 days % Cu air 3 days
1 0.60 0.18 0.08
2 0.10 0.04
3 0.03
A 6.10 The effect o f time on the concentration of copper found on the surface of the test discs in 
oxygen a t 100 C.
Layer No % Cu oxygen 27 days % Cu oxygen 12 days % Cu oxygen 3 days
1 1.96 0.79 0.37
2 0.52 0.35 0.11
3 0.21 0.16
4 0.07 0.04
5 0.05
6 0.04
A 6.11 The effect o f time on the concentration of copper found on the surface of the test discs in 
oxygen a t 50 C.
Layer Number % Cu oxygen 27 days % Cu oxygen 12 days % Cu oxygen 3 days
1 1.49 0.52 0.21
2 0.24 0.20
3 0.12 0.04
4 0.08
5 0.05
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A 6.12 The effect of time on the concentration of copper found on the surface of the test discs in 
oxygen a t 25 C.
Layer Number % Cu oxygen 27 days % Cu oxygen 12 days % Cu oxygen 3 days
1 0.80 0.25 0.06
2 0.12 0.06
3 0.07 0.03
4 0.03
A 6.13 The %  Copper found on first layer after 27 days in a ir and oxygen.
Temperature % Cu oxygen % Cu Air
25 0.80 0.60
50 1.49 1.36
100 1.96 1.94
A 6.14 The %  Copper found on first layer after 12 days in a ir and oxygen.
Temperature % Cu oxygen % Cu Air
25 0.25 0.18
50 0.52 0.44
100 0.79 0.93
A 6.15 The %  Copper found on first layer after 3 days in a ir and oxygen.
Temperature % Cu oxygen % Cu Air
25 0.06 0.08
50 0.21 0.17
100 0.37 0.28
A 6.16 The %  C opper found on first layer a t 100 C in a ir and oxygen.
Time % Cu oxygen % Cu Air
3 0.37 0.28
12 0.79 0.93
27 1.96 1.94
A 6.17 The %  Copper found on first layer at 50 C in a ir and oxygen.
Time % Cu oxygen % Cu Air
3 0.21 0.17
12 0.52 0.44
27 1.49 1.36
A 6.18 The %  C opper found on first layer at 25 C in a ir and oxygen.
Time % Cu oxygen % Cu Air
3 0.06 0.08
12 0.25 0.18
27 0.80 0.60
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A 6.19 Comparison between oxygen and a ir  after 27 days a t 100 "C.
Layer Number % Cu oxygen 100 C % Cu Air 100 C
I 1.96 1.94
2 0.52 0.61
3 0.21 0.15
4 0.07 0.10
5 0.05 0.08
6 0.04 0.06
A 6.20 Comparison between oxygen and a ir after 27 days a t SO “C.
Layer No % Cu oxygen 50 c %Cu air 50 C
1 1.49 1.36
2 0.24 0.18
3 0.12 0.07
4 0.08 0.05
5 0.05 0.05
A 6.21 Comparison between oxygen and a ir  after 27 days a t 25 ®C.
Layer Number % Cu oxygen amb % Cu air amb
1 0.80 0.60
2 0.12 0.10
3 0.07 0.03
4 0.03
A 6.22 Comparison between oxygen and a ir  after 27 days a t all tested tem peratures.
Layer Number % Cu oxygen 
100 C
% Cu Air 100 
C
% Cu oxygen 
50 c
% Cu air 50 C % Cu oxygen 
amb
% Cu air amb
1 1.96 1.94 1.49 1.36 0.80 0.60
2 0.52 0.61 0.24 0.18 0.12 0.10
3 0.21 0.15 0.12 0.07 0.07 0.03
4 0.07 0.10 0.08 0.05 0.03
5 0.05 0.08 0.05 0.05
6 0.04 0.06
A 6.23 Comparison between oxygen and a ir  after 12 days at 100 "C.
Layer No % Cu oxygen 100 C % Cu air 100 C
1 0.79 0.93
2 0.35 0.25
3 0.16 0.08
4 0.04 0.02
A 6.24 Comparison between oxygen and a ir  after 12 days a t 50 "C.
Layer Number % Cu oxygen 50 C %Cu air 50 C
1 0.52 0.44
2 0.20 0.16
3 0.04 0.05
4 0.02
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A 6.25 Com parison between oxygen and a ir  after 12 days at 25 “C.
Layer Number % Cu oxygen 25 C %Cu air 25 C
1 0.25 0.18
2 0.06 0.04
3 0.03
A 6.26 Comparison between oxygen and a ir after 12 days a t all tested tem peratures.
Layer Number % Cu oxygen 
100 C
% Cu air 100 
C
% Cu oxygen 
50 C
% Cu air SO C % Cu oxj^cn 
25 C
%Cu air 25 C
1 0.79 0.93 0.52 0.44 0.25 0.18
2 0.35 0.25 0.20 0.16 0.06 0.04
3 0.16 0.08 0.04 0.05 0.03
4 0.04 0.02 0.02
A 6.27 Comparison between oxygen and a ir  after 3 days a t 100 "C.
Layer Number % Cu oxygen 100 C % Cu air 100 C
1 0.37 0.28
2 0.11 0.05
A 6.28 Comparison between oxygen and a ir  after 3 days a t SO ”C.
Layer Number % Cu oxygen 50 C % Cu air 50 C
1 0.21 0.17
A 6.29 Comparison between oxygen and a ir after 3 days a t 25 "C.
Layer Number % Cu oxygen 25 C %Cu air 25 C
1 0.06 0.08
A 6.30 Comparison between oxygen and a ir  after 3 days a t all tested tem peratures .
Layer Number % Cu oxygen 
100 C
% Cu air 100
C
% Cu oxygen 
50 C
%Cu air 50 C % Cu oxygen 
25 C
%Cu air 25 C
1 0.37 0.28 0.21 0.17 0.06 0.08
2 0.11 0.05
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